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Abstract

Cytokines exert a vast array of immunoregulatory actions critical to human biology and disease. 

However, the desired immunotherapeutic effects of native cytokines are often mitigated by 

toxicity or lack of efficacy, either of which results from cytokine receptor pleiotropy and/or 

undesired activation of off-target cells. As our understanding of the structural principles of 

cytokine–receptor interactions has advanced, mechanism-based manipulation of cytokine 

signaling through protein engineering has become an increasingly feasible and powerful approach. 

Modified cytokines, both agonists and antagonists, have been engineered with narrowed target cell 

specificities, and they have also yielded important mechanistic insights into cytokine biology and 

signaling. Here we review the theory and practice of cytokine engineering and rationalize the 

mechanisms of several engineered cytokines in the context of structure. We discuss specific 

examples of how structure-based cytokine engineering has opened new opportunities for cytokines 

as drugs, with a focus on the immunotherapeutic cytokines interferon, interleukin-2, and 

interleukin-4.
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INTRODUCTION

This review focuses on the extracellular interactions of helical cytokines with their receptors 

(Figure 1) (1–7) and how such interactions have been manipulated using protein 

engineering to modulate affinity, potency, and target cell specificity. Helical cytokines 

regulate many important facets of immune function and numerous other aspects of 

mammalian physiology (Figure 1) (8–11). In the canonical cytokine signaling pathway, 

assembly of the cytokine–receptor complex activates intracellularly associated Janus kinases 

(JAKs) (Figure 2) (12). JAKs, in turn, phosphorylate and activate signal transducer and 
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activator of transcription (STAT) transcription factors (13) to modulate gene expression and, 

ultimately, determine cell fate (11, 14). In addition to JAK/STAT signaling, some cytokines 

also activate the Akt and Erk pathways (15) as well as other signaling networks (16–19). 

The intracellular signaling of cytokines has been extensively reviewed (11, 12, 14), so here 

we discuss aspects of extracellular domain (ECD) recognition between receptors and 

engineered cytokines that have been manipulated to alter their biological activity (see 

Supplemental Table 1; follow the Supplemental Material link from the Annual Reviews 

home page at http://www.annualreviews.org). As several comprehensive reviews on 

cytokine–receptor structure have been published (2, 4, 5, 20, 21), this review focuses instead 

on the interplay between structure and engineering from several key systems.

Structural Taxonomy of Cytokine–Receptor Interactions

Although each cytokine system possesses unique properties, there exist convergent 

molecular and structural principles to be considered when undertaking a cytokine 

engineering experiment (2, 6, 22). The paradigm of cytokine receptor signaling is through 

ligand-mediated dimerization or ligand-mediated reorganization of preformed receptor 

dimers (23–28). Regardless of whether cytokine receptors exist as preformed dimers in the 

unliganded state, as some studies suggest (26–28), the signaling complex requires 

simultaneous binding of two JAK-associated receptor subunits with the cytokine in order to 

activate signaling (Figures 1 and 2). A dimerization paradigm is also evident for tyrosine 

kinase receptors (RTKs), and it appears that essentially all single-pass transmembrane 

receptors require some form of ligand-mediated oligomerization or reorganization to initiate 

signaling (3, 29). Some cytokines, such as human growth hormone (hGH), erythropoeitin 

(EPO), and thrombopoietin (TPO), homodimerize two identical copies of their receptors. 

However, the vast majority of cytokines form heterodimeric receptor complexes containing 

a shared receptor subunit [e.g., common gamma chain (γc), gp130, common beta chain (βc)] 

together with a ligand-specific subunit [e.g., interleukin-2 receptor beta (IL-2Rβ), IL-6Rα, 

IL-3Rα] (Figure 1) (30, 31). Cytokines utilize the sides of their helical faces to engage 

loops projected from conjoined fibronectin type III (FNIII) domains comprising the 

cytokine-binding homology regions (CHR) of receptor chains. Early structural studies in the 

hGH system established this feature as well as the site 1/site 2 binding architecture (25, 32), 

in which the cytokine binds to a first receptor subunit through site 1, followed by 

recruitment of the second receptor subunit through site 2. Every cytokine–receptor complex 

structure exhibits some semblance of this basic architectural building block (Figure 1) (2, 

33).

The respective engagements of site 1 and site 2 can be cooperative, as is observed for hGH 

and γc cytokines (Figure 1), as well as others, wherein an initial high-affinity site 1 

interaction results in presentation of a new composite surface that recruits the second 

receptor subunit to the lower-affinity site 2 (25, 34–37). A significant portion of this 

cooperativity can be attributed to receptor-receptor stem contact between the membrane-

proximal FNIII domains of the CHR, which can bury a large amount of surface area 

between them, in addition to the smaller site 2 cytokine–receptor contact. γc class cytokines 

typify the extensive stem contact that underlies the cooperative assembly sequence of 

heterotrimeric complexes (Figure 2) (2). Conversely, some cytokines engage each receptor 
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chain in more energetically autonomous fashions, such as EPO and type I interferons (IFNs) 

(23, 38–40). Such cytokine complexes do not exhibit extensive receptor-receptor stem 

contact. The different relative affinities of site 1 and site 2 can be exploited in protein 

engineering to manipulate potency and target cell specificity, as well as receptor 

internalization rates (21, 39, 41–44). Given the immense contribution that receptor stem 

contact can make to receptor assembly energetics, it is an important consideration in 

designing engineering experiments.

The current database of cytokine–receptor complex crystal structures reveals that there are 

many variations on the site 1/site 2 paradigm (Figure 1) (2). A third binding site, site 3, has 

been found in gp130/IL-6 class cytokines, and it resides at the tip of the α-helical bundle and 

engages an Ig-like domain that sits atop the CHR of the tall receptor class [e.g., gp130, 

leukemic inhibitory factor receptor (LIF-R), IL-12Rβ2, granulocyte colony-stimulating 

factor receptor (GCSF-R), IL-23Rα] (45–48). In the βc family, an intertwined βc receptor 

dimer results in a site 2 interface that represents a hybrid binding site formed from the 

conjunction of two head-to-head antiparallel βc chains (49). These structural distinctions 

endow gp130 and βc class cytokines with the ability to assemble signaling complexes that 

are of a higher order than the most common 1:2 cytokine:receptor stoichiometry. For 

example, in tetrameric GCSF/GCSF-R (50) and viral IL-6/gp130 (46) as well as in 

hexameric IL-6/IL-6Rα/gp130 signaling complexes (45, 51), the basic cytokine-CHR 

recognition unit is doubled by site 3 interaction. Site 3 has been a major target for 

engineering antagonists against gp130 class cytokines such as IL-6, IL-23, and LIF (52–54). 

In the βc system, an unprecedented dodecameric signaling complex of granulocyte 

macrophage colony-stimulating factor (GM-CSF) bound to GM-CSF-Rα and βc (55) 

appears to be driven by a broad network of additional interactions that could be specifically 

targeted in engineering βc cytokines. Several cytokines including IL-5 and IL-13 have an 

additional site of contact on top of their helical bundle with a top-mounted third Ig domain 

of their alpha receptors that clearly represents an engineerable site (Figure 1) (36, 56, 57). 

IL-2 and IL-15 are the only cytokines known to possess a specific third receptor subunit 

(IL-2Rα and IL-15Rα, respectively) that differs markedly from typical CHR-containing 

receptors in both structure and mode of cytokine interaction (2, 37, 58). These additional 

alpha subunits do not possess well-characterized signaling functions and appear to be used 

primarily for affinity enhancement and modulation of the target cell specificity of their 

respective cytokines. In type II IFN cytokines (e.g., IFN, IL-22, IL-10), helical bundle 

structures of the cytokines diverge from the type I four-helix cytokines, in some cases 

forming intertwined dimers (33, 59–61). Nevertheless, the basic building block of receptor 

CHR engaging the cytokine α-helical faces is observed in all of these different cytokine 

classes and remains the central structural blueprint for cytokine engineering studies (5).

Structural Energetic Considerations for Cytokine Engineering

The structural architecture and folding topology of helical cytokines renders them 

convenient scaffolds for protein engineering (62–64). Cytokines possess a stable 

hydrophobic core composed of inner facial residues of the α-helical bundle, allowing for 

presentation of outward-facing amino acids on a structurally stable and relatively flat, 

exposed surface to contact the receptor (8, 65–67). The cytokine fold is generally tolerant, 
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albeit not entirely so, to substitutions of residues on the helical faces. Pioneering studies by 

the Wells group, using directed alanine scanning (Ala scanning) (68–72) as well as phage 

display (44, 68), demonstrated that affinity and specificity of hGH for its receptors could be 

powerfully manipulated by substitution of helical face residues. In one particularly 

illustrative example, substitution of 15 hGH residues resulted in a supermutant that exhibited 

400-fold higher affinity for the hGH receptor (GH-R) than did the wild-type cytokine (44). 

Target residues for substitution were initially determined via Ala scanning of hGH (70, 72), 

and then several cytokine phage libraries were constructed that targeted different quadrants 

of the receptor binding site, as visualized from the crystal structure of the hGH/GH-R 

complex (44). Higher affinity for GH-R was attained by separately affinity-maturing 

different regions of the hGH helical face using phage display and then combining affinity-

enhanced mutants from independently sorted libraries.

Even with more current methods today, the overall strategy employed for hGH–GH-R 

interaction enhancement still provides a sensible framework for affinity maturation of 

cytokine–receptor complexes. The apparent free energy additivity observed in affinity 

maturation of hGH is quite unusual for protein-protein interactions (73). A series of studies 

by Kossiakoff, Sidhu, and colleagues (74) using phage display and shotgun Ala scanning 

found the underlying energetic basis for hGH supermutant affinity to be more complex than 

was initially appreciated. The improved binding affinity of hGH site 1 in the supermutant 

was achieved not by straightforward substitution of residues in the wild-type interface but 

rather from a large-scale energetic remodeling of the original binding elements. This begs 

the question of whether it is important for the experimenter to know such mechanistic 

details. In most cases. it is not necessary to understand the energetic (i.e., thermodynamic, 

kinetic, structural) basis for the observed behavior of variants. Nevertheless, determining the 

mechanisms underlying engineered cytokine behavior can be extremely informative for 

subsequent design efforts, as will become apparent.

Molecular Engineering Strategies and Platforms

Engineering approaches have been applied to many cytokine systems using a variety of 

directed mutational strategies (41, 64, 75–78) or combinatorial library-based platforms such 

as gene shuffling (79) and phage and yeast display (54, 80, 81) (summarized in 

Supplemental Table 1). Generally, site-directed rational design approaches have been 

successful when the goal is to weaken a receptor interaction, whereas combinatorial library 

approaches complemented by structural information are usually required to increase affinity 

or redirect receptor specificity. This reflects the inherent limitations in predicting free energy 

changes upon mutation of amino acids within a protein-protein interface. The underlying 

energetics of cytokine–receptor interactions are unpredictable (82, 83). In most cases, only a 

subset of the interacting amino acids are energetically important, and these must be 

determined experimentally through Ala scanning. Thus, directed mutational approaches 

have a low probability of success for affinity enhancement even if the cytokine–receptor 

complex structure is known.

Most cytokine engineering efforts to date have focused on receptor interface modulation 

with the goal of either enhancing affinity, as was implemented for IL-2 (80, 81), IL-4 (84), 
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and IFN (85), or perturbing interaction, as was demonstrated for IL-2 (75, 86, 87), IL-4 (41), 

IFN (88), and IL-21 (77). Instances of cytokine engineering that have successfully redirected 

the specificity of a cytokine to alternative receptor subunits or narrowed the specificity of a 

cross-reactive cytokine (68, 78, 84) are less common. Specificity engineering remains a 

difficult challenge because in most cases common amino acids are used by a given cytokine 

(e.g., IL-6, LIF, IL-2, IL-10) to cross-react with shared receptors (e.g., gp130, γc, IL-20R2) 

(36, 89). In some of the examples shown in Supplemental Table 1, crystal structures were 

available to guide the engineering of specific subsets of residues known to contact the 

receptors, but in many cases these structures were not available and yet the experiments 

were successful. This illustrates that even in the absence of crystal structures, the overall 

conservation of the cytokine–receptor site 1/site 2 binding paradigm makes it possible to 

model these interactions well enough, even if crudely, to add significant value to 

engineering efforts.

Cytokine Engineering Workflow

In our laboratory, we have developed a conceptual and experimental cytokine engineering 

framework that combines traditional approaches with several new strategies (Figure 3). We 

rely heavily on the existence of a structural template, in the form of cytokine–receptor 

complex structure coordinates, to guide engineering. A second foundation of our scheme is 

the use of the yeast surface display platform to select large libraries (>108 clones) in which 

the receptor binding sites on cytokines have been randomized either completely or in a 

strategic codon-biased fashion. Yeast surface display has been applied to many systems for 

protein engineering (90, 91) and offers the advantage of a robust secretory apparatus that 

enables disulfide bond formation, glycosylation, and secretion of large proteins, all of which 

pose major challenges for phage display. Further advantages include the ability to carry out 

nuanced and multivariable selections with differentially labeled receptors using magnetic-

activated cell sorting (MACS) and fluorescence-activated cell sorting (FACS). Library 

design is typically focused on cytokine residues that engage the receptor, and the diversity of 

these libraries can be controlled by the codon choice at each position that is varied, as has 

been amply discussed in other forums (92). Selections of yeast-displayed cytokine libraries 

with recombinant ECDs of their receptors are carried out by MACS or FACS, and evolved 

cytokine mutants can be characterized for binding affinity and specificity, signaling, gene 

expression, and induction of phenotypic changes in cells. In our studies on IL-2 using this 

scheme, we found the convenient property that yeast-displayed cytokines themselves can be 

used to stimulate responder cells without the need to produce recombinant protein (on-yeast 

stimulation) (81). This serves as a convenient and rapid initial screen for signaling activity 

of individual clones. There are many possible variations to the scheme shown in Figure 3 
that will suit particular experimental goals. In the following pages of our review, we 

highlight specific examples of cytokine engineering that have utilized structure, rational 

mutation, and combinatorial libraries to create variants with novel functional properties.

ENGINEERING THE TYPE I INTERFERON SYSTEM

Type I IFNs comprise a family of cytokines with broad immunoregulatory actions and are 

perhaps best known for their antiviral (AV) and antiproliferative (AP) functions (33, 93, 94). 
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The IFN system represents a fascinating example of naturally engineered variants in the 

form of 16 IFN subtypes (IFN-α1–12, IFN-β, -ε, -κ, and -ω) (33), as well as synthetically 

engineered variants produced by directed and combinatorial methods (Supplemental Table 
1) (93). The natural IFN subtypes have been used clinically (95, 96), but more widespread 

use has been impeded by side effects and limited efficacy. These shortcomings could be 

overcome by engineering IFNs with improved therapeutic properties (95).

Tunability of Type I Interferons

Even though all IFN subtypes signal through a common pair of receptors—the IFN-α 

receptors IFNAR1 and IFNAR2 (33, 93)—the different subtypes appear to exhibit biased 

functional activities (40, 97–100). Among many examples that highlight this phenomenon 

are the functional discrepancies between IFN-α2 and IFN-β. IFN-β is about 50 times more 

potent in AP activity than IFN-α2, but only approximately 2 times more potent in AV 

activity (101, 102). The potential of altering the relative AP and AV activities of IFNs has 

attracted attention to engineering variants with actions that are even more biased than the 

naturally occurring variants (e.g., versions with enhanced AV but reduced AP activity). 

With multiple IFN subtypes and a plethora of activities and signaling outcomes, the IFN 

system appears tantalizingly tunable through ligand engineering.

The signaling properties of IFN receptors have been exhaustively reviewed and are 

extremely complex (16, 17). IFN receptors principally signal through the receptor-associated 

TYK2 and JAK1 to initiate multiple STAT phosphorylation cascades, but additional non-

STAT pathways have been implicated in the IFN response as well (15, 103). Hundreds of 

genes associated with AV and AP properties are induced in response to different IFNs (95, 

104–108).

Understanding how different IFNs engage the same pair of receptors, yet are functionally 

discriminated, was achieved by determination of the crystal structures of two IFN receptor 

ternary complexes with different IFN ligands, IFN-ω and a mutant of IFN-α2 (termed YNS) 

(Figure 4a) (39, 40, 85). The two IFNs share nearly identical AV activities but have distinct 

AP potencies (Figure 4a). The topology of the two different IFN receptor heterodimers was 

nearly identical (Figure 4a) (40), ruling out large-scale differences in the mode by which 

different IFNs engage their receptors as an explanation for the differential activities of IFN 

ligands. With respect to IFN ligand discrimination, the IFN-receptor interfaces contain a 

mixture of highly conserved and IFN subtype–specific contacts (40). The more conserved 

contacts, which we termed anchor points, are responsible for broad engagement of all IFN 

ligands in a conserved docking topology. Interspersed within the anchor points are IFN 

subtype–specific interactions that endow different IFNs with distinct binding affinities and 

kinetic properties. The relative binding affinities of IFNs to IFNAR1 and IFNAR2 and the 

aggregate complex stability are the metrics that appear to dictate biological activity (40, 93, 

98, 99, 109). Thus, the interaction chemistry between the outer facial helical residues on the 

IFNs and the receptors translates into differential biological activity. Conveniently, this 

chemistry can be manipulated to engineer new cytokine variants.
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Interferon Antiproliferative Activity Is Sensitive to Ternary Complex Stability

In principle, either the IFNAR1 or the IFNAR2 binding interface can be targeted to stabilize 

the overall ternary complex. However, the various metrics that can be used to characterize 

stability-altered mutants, including complex stability, receptor internalization, STAT 

signaling, gene transcription, and AV and AP responses, do not always show concordant 

changes (Figure 5). The Schreiber group used Ala scanning mutagenesis to determine that 

simultaneous alanine mutation of three residues (H57, E58, and Q61) in IFN-α2 improved 

its affinity for IFNAR1 by 30-fold (38, 101). The IFNAR1 affinity was further optimized by 

screening a phage-displayed library focused on these three positions. The H57Y, E58N, and 

Q61S (YNS) mutations (Figure 4b) collectively increased the affinity for IFNAR1 by 60-

fold relative to the wild-type IFN-α2 (85). AP potency was increased 150-fold, yet AV 

potency was enhanced only 3.5-fold for this mutant (Figure 5) (39, 85). Crystallization of 

the IFN-α2 (YNS) ternary complex (40) elucidated the structural basis of YNS affinity 

enhancement. The YNS mutations on IFN-α2 are distributed across the B helix and engage 

the IFNAR1 interface in the hinge region between SD1 and SD2 (Figure 4b) (40). These 

mutations appear to exert their effects through optimization of the electrostatic and van der 

Waals interactions with the receptor (40).

On the IFNAR2 side, the crystal structures revealed a potential binding hot spot on the 

receptor shared between IFN-α2 and IFN-ω that could be targeted to manipulate activity 

(40). Specifically, R149 in IFN-α2 and the analogous K152 in IFN-ω exhibited structural 

differences in their interactions with E77 of IFNAR2. In the IFN-α2/IFNAR2 interface, 

R149 of IFN-α2 and E77 of IFNAR2 form a salt bridge (Figure 4c) (40), which is lacking 

in the IFN-ω complex. The IFN-ω K152R mutant interaction with IFNAR2 is energetically 

superior to that of the wild type (Figure 4c) and markedly increases AP activity (Figure 5), 

with only a modest increase in AV activity (40). Here again, as seen in both the natural and 

engineered IFNs (40, 85, 101), AP activity is more sensitive to changes in complex stability 

than is AV activity and therefore is more tunable. The IFN system appears to be incredibly 

sensitively poised for AV defense even in the face of deleterious mutations to IFN ligands. 

Importantly, the mechanism by which the K152R mutation exerts its effect does not appear 

to be a simple extension of the activated complex dwell time on the cell surface. Rather, it 

appears that higher affinity for IFNAR2 results in its faster receptor internalization and 

consequently more rapid deactivation of STATs (Figure 5) (40). This emphasizes the 

multiple layers of regulation of IFN activity that can be exploited by ligand engineering.

Decoupling Interferon Antiviral from Antiproliferative Activity

Despite the apparent ceiling on AV potency of IFNs, attempts have been made to enhance 

IFN AV activity using DNA family shuffling (79, 110–112). DNA sequences from all IFN-

α subtypes were combined to generate a shuffled library that was screened for function 

based on the metrics of Th1 induction and AP and AV activity. This screening approach 

identified two shuffled proteins, B9X25 and B9X14, with 20- to 70-fold improvement in AV 

potencies compared to IFN-α2. Binding experiments on Daudi B cells showed that B9X25 

and B9X14 conferred a 9-fold and 100-fold increase in IFNAR complex affinity, 

respectively, compared to IFN-α2. These mutants were biased toward Th1 induction and 

AV activities, as the ratios of both AV:AP and Th1:AP potency for the IFN variants were 
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increased approximately 50-fold (79). One caveat in interpreting these results is that the 

Daudi B cells that were used in the AP assays are exquisitely sensitive to IFN activity, 

potentially diminishing the AP differences between IFNs and leading to aberrant AV:AP 

biases compared to other IFN-responsive cell lines (113–115). Nonetheless, this study 

served as an instructive early example of IFN engineering. Unfortunately, shuffled IFNs did 

not advance into the clinic, in large part because of immunogenicity resulting from the 

numerous mutations found in the shuffled IFN products (116). Gene shuffling generates 

many new potential T cell epitopes compared to more directed mutagenic approaches, which 

target specific receptor binding residues and thus introduce fewer mutations. Sequence 

diversity remains an important consideration in selecting a strategy for engineering human 

cytokine therapeutics.

Further efforts to bias AV:AP ratios have been explored with an IFN-α2 antagonist (117). 

The D helix of IFN-α2, which engages the upper quadrant of IFNAR1 at the SD1-SD2 

hinge region, is rich in positively charged residues (R120, K121, Q124, and R125). A charge 

reversal mutation on the D helix of IFN-α2, R120E, ablated IFNAR1 binding. IFN-α2 

R120E was then fused to a tail region of IFN-α8 that was proposed to form extensive 

contacts with IFNAR2 and therefore possibly function as a modular affinity-enhancing 

peptide. Indeed, the IFN-α2 R120E antagonist-IFN-α8 tail region fusion exhibited enhanced 

affinity for IFNAR2 and acted as a dominant negative antagonist, occupying the IFNAR2 

receptor site while not recruiting IFNAR1 efficiently. The antagonist elicited just 1% of the 

AV activity induced by the wild-type cytokine, but its AP activity was reduced even more 

dramatically, with the antagonist retaining just 0.1% of wild-type activity. Thus, the 

respective activities of this mutant IFN were reduced in a biased fashion, favoring the 

retention of AV activity.

Recent characterization of the IFN-α2 dominant negative antagonist with respect to receptor 

binding, membrane-proximal signaling, gene transcription, and AV/AP activity elegantly 

highlighted the tunability of the IFN response (88). A cluster of robust genes was efficiently 

induced by both the antagonist and an array of IFNs, including IFN-α2, IFN-β, IFN-λ3, and 

IFN-α2 YNS. Expression of robust genes was regulated by IFN-induced transcription 

factors directly linked to AV activity (118, 119), again demonstrating the insensitivity of the 

AV response to variation in binding affinity. A different set of genes, classified as tunable, 

was induced only by high-affinity IFNs and not by the antagonist. These receptor affinity-

sensitive genes mainly correlate with AP activity, contributing to the regulation of cell 

proliferation and cell death. Thus, the antagonist skews toward AV activity, stimulating the 

AV-related robust but not the AP-related tunable genes (39, 40, 97, 98). Whether biased 

IFNs engineered to function as improved AV therapeutics will be clinically useful remains 

to be determined.

ENGINEERING THE IL-2 SYSTEM

IL-2 is a multifunctional cytokine that plays an instrumental role in the adaptive immune 

response through its regulation of the homeostasis of T cells and many other immune cell 

lineages (reviewed in 18, 120, 121). IL-2 signaling controls a balance of immunostimulatory 

and immunosuppressive responses, rendering it an appealing, yet complicated, target for 
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therapeutic development. The wild-type cytokine has been administered clinically for over 

20 years (75, 122–124), but it induces severe toxicity, eliciting side effects such as vascular 

leak syndrome (125, 126). Additionally, promotion of regulatory T cell (Treg) growth blunts 

IL-2 efficacy in antitumor applications (127, 128). The ability to decouple the 

immunostimulatory from the immunosuppressive activities of IL-2 could be therapeutically 

valuable, so engineering IL-2 to selectively stimulate particular functionalities is highly 

desirable. Extensive characterization of its structural and molecular properties has enabled 

the design of IL-2 variants with altered receptor subunit affinity, potency, target cell 

specificity, and trafficking behavior.

There exist two forms of the IL-2 signaling receptor: the high-affinity (10 pM) 

heterotrimeric receptor, consisting of the IL-2Rα (also called CD25), IL-2Rβ, and γc chains, 

and the intermediate-affinity (1 nM) heterodimeric receptor, consisting of only the IL-2Rβ 

and γc chains (129). Both the high-affinity quaternary and intermediate-affinity ternary IL-2 

complexes signal through interaction of the intracellular domains of IL-2Rβ and γc with 

JAK1 and JAK3, respectively (18, 130). Whereas the IL-2Rα subunit is a private receptor 

for the IL-2 cytokine, IL-2Rβ is shared with the IL-15 cytokine and γc is shared with five 

other cytokines (Figure 1) (131). IL-2Rα distinguishes the quaternary from the ternary IL-2 

complex, and its expression following TCR stimulation heightens cellular sensitivity to IL-2. 

The IL-2Rα subunit is constitutively expressed on Tregs but not on natural killer (NK) cells 

or resting effector CD8+ T cells, resulting in differential IL-2 potency between cell subsets 

(132). Solution of the IL-2 quaternary complex structure offered extensive insight into the 

molecular properties of this cytokine system (133, 134). IL-2 employs its helical faces to 

interact with all three receptor subunits, and there is also extensive stem contact between 

IL-2Rβ and γc. Assembly of the quaternary complex is thought to occur sequentially, with 

IL-2 first engaging IL-2Rα, which facilitates binding to IL-2Rβ (via the site 1 interface), and 

finally recruiting the γc subunit (via the site 2 interface) to lock down the high-affinity 

complex (Figure 6a).

Modulation of IL-2 Receptor Affinity

Many engineering efforts have been focused on altering the affinity of IL-2 for one or more 

of its receptor chains (Supplemental Table 1). Rao and colleagues (135) created an error-

prone IL-2 yeast-displayed library to evolve IL-2 mutants with increased affinity for 

IL-2Rα. The highest-affinity mutant potentiated growth of IL-2Rα-overexpressing cells 

(135), and most of its mutations map to the IL-2/IL-2Rα interface (Figure 6b). Liu et al. 

(136) combined these IL-2Rα affinity-enhancing substitutions with mutations that block the 

IL-2 interaction with either IL-2Rβ or γc to create antagonists that inhibited signaling and 

proliferation of an IL-2-dependent cell line. These engineered IL-2 variants could have 

utility in cancer immunotherapy by binding tightly to and repressing activity of Tregs, which 

express high levels of the IL-2Rα subunit. Selective Treg inhibition can also be achieved by 

reducing the affinity of IL-2 for IL-2Rα. Carmenate et al. (137) designed an IL-2 variant 

that obstructed IL-2Rα binding to inhibit cytokine-mediated promotion of Treg growth 

without altering its stimulation of CD8+ T cell or NK cell growth. This IL-2 mutant 

repressed metastasis more effectively than did the wild-type cytokine, while inducing 

considerably less toxicity (137).
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Attention has also been focused on modulating the affinity of IL-2 for the IL-2Rβ and γc 

receptor subunits. Zurawski and colleagues (86, 138) determined through systematic 

mutagenesis studies that cytokine variants with mutations at the mouse IL-2 positional 

analogs of human IL-2 residues D20 and Q126 behave as partial agonists by obstructing 

IL-2Rβ and γc binding, respectively. The structural basis for the effects of these mutations is 

now evident (133). IL-2 D20 is engaged in an extensive network of hydrogen bonds to both 

water molecules and receptor subunit side chains at the IL-2Rβ interface, and Q126 is 

integral to the γc interaction, forming a hydrogen bond with S211 of the receptor chain 

(Figure 6e). A directed mutagenesis study by Shanafelt et al. (76)—aimed at crippling the 

IL-2Rβ interface—identified a single IL-2 point mutant (N88R) that mediated selective 

growth of T cells over NK cells. In the IL-2 complex crystal structure, N88 is an energetic 

hot spot for the IL-2/IL-2Rβ interaction, engaging in critical hydrogen bonds with R42 on 

the receptor chain (Figure 6c). Impairment, but not ablation, of the IL-2/IL-2Rβ interaction 

affords a growth advantage to cells that highly express IL-2Rα, accounting for the observed 

preference for T cell versus NK cell proliferation. The authors speculated that the N88R 

mutant would have a better therapeutic index than wild-type IL-2 in cancer and infectious 

disease applications by limiting toxicity mediated through NK cell stimulation (76). 

However, Phase I clinical trials did not show any benefit of N88R compared to wild-type 

IL-2 treatment in HIV infection, advanced melanoma, or renal cancer (139, 140), as the high 

doses required for therapeutic effect nullify the selective T cell growth advantage (141). 

Furthermore, recent findings indicate that vascular leak syndrome is also mediated through 

IL-2Rα+ endothelial cells in addition to NK cells, and thus inhibition of NK cell growth 

alone is not sufficient to counteract IL-2 toxicity (121, 142). Another IL-2Rβ binding–

impaired IL-2 mutant (D20T) fused to an anti-DNA tumor-targeting antibody shows strong 

selectivity for promoting T cell over NK cell activation and consequently controls tumor 

growth with significantly reduced toxicity compared to wild-type IL-2 in early clinical 

studies (143, 144). In principle, both the N88R and D20T mutants could serve as Treg 

promoters in autoimmune disease or engraftment applications because the enhanced IL-2 

sensitivity of Tregs conferred by IL-2Rα expression may result in a pronounced growth 

advantage for this cell subset in the context of weakened IL-2Rβ interaction.

Our laboratory recently used the yeast surface display platform to evolve an IL-2 mutant 

with high affinity for the IL-2Rβ receptor chain (81). Initial error-prone libraries surprisingly 

directed us toward a single point mutation in the hydrophobic core of IL-2, behind the C 

helix, rather than outerfacial IL-2 residues that directly contact IL-2Rβ. Based on this 

founder mutation, a hydrophobic-biased library of core residues surrounding this site in the 

C helix was designed, with the logic that mutations in this portion of the cytokine could 

induce a conformation of IL-2 with higher affinity for IL-2Rβ. Indeed, the consensus mutant 

extracted from our selections (designated super-2) contained mutations that not only reduced 

the conformational flexibility of IL-2 (as determined by molecular dynamics simulations) 

but also locked the C helix into a position resembling that seen in the receptor-bound 

structure of IL-2 (Figure 6d). The 200-fold improvement in IL-2Rβ affinity of super-2 

increased the sensitivity of IL-2Rα-deficient cells to signaling, promoting activation of 

cytotoxic T cells and NK cells, which led to a significant improvement in antitumor activity. 

Notably, super-2 treatment also resulted in reduced toxicity compared to wild-type IL-2 in 

Spangler et al. Page 10

Annu Rev Immunol. Author manuscript; available in PMC 2015 May 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mouse tumor models (81). The example of super-2 evolution illustrates how structural 

subtleties and insights may guide engineering efforts in unexpected ways. By focusing on 

the core of IL-2 rather than the contact interface between IL-2 and IL-2Rβ, a significant 

boost in affinity and functionality was achieved.

Modulation of IL-2 Trafficking

As the IFN variants showed, modification of cytokine trafficking properties is another 

important mechanism through which engineered variants can impact biological activity in 

ways that would not be apparent from affinity or signaling measurements alone. IL-2 

signaling complexes are rapidly internalized upon assembly. Whereas IL-2Rβ and γc 

proceed to late endosomes and are degraded, IL-2Rα remains in early endosomes and is 

efficiently recycled back to the surface (145, 146). Consequently, the trafficking fate of the 

IL-2 cytokine is governed by its relative affinities for the receptor chains at endosomal pH, 

presenting an additional layer of tunability for the IL-2 system.

The high-affinity IL-2Rα-binding mutants developed by Rao et al. (135) persisted on the 

surface of IL-2Rα-expressing cells significantly longer than did wild-type IL-2, presumably 

due to a combination of slower receptor dissociation and more efficient recycling. Similar 

surface persistence was observed for an L18M/L19S IL-2 mutant, which was found to be 

more potent than wild-type IL-2 despite its identical affinity for the receptor (147). It was 

later established that a higher proportion of L18M/L19S molecules are shunted toward 

recycling rather than degradation (148). The IL-2 complex structure reveals that the L18M/

L19S mutations disrupt the IL-2Rβ interface, rationalizing preferential partitioning toward 

IL-2Rα-mediated recycling. IL-2 variants that slow internalization, allowing for the 

cytokine and its receptors to persist on the surface and potentiate signaling, have also been 

identified. The aforementioned substitution mutants of the mouse Q126 counterpart 

internalize more slowly than does wild-type IL-2 due to acceleration of the complex 

dissociation rate (149). Chang et al. (150, 151) also identified an internalization-impaired 

mutant (T51P) with enhanced signaling potency. The decreased complex stability and 

concomitant increase in dissociation rate for both internalization mutants are consistent with 

crystallographic insights, as the Q126 mutation directly perturbs the γc binding interface and 

T51P introduces a kink at the N-terminal end of the B helix, also disrupting the γc interface.

Modulation of IL-2 Behavior with Small Molecules and Antibodies

Although not strictly examples of cytokine engineering, there are instances of cytokine 

activity modulation by small molecules and antibodies that complement and inform the 

engineering approach. IL-2 small molecule antagonists were identified that bind to a surface 

crevasse on the cytokine, blocking IL-2Rα subunit binding (152). These antagonists engage 

the same epitope of IL-2 as the receptor chain but recognize a distinct conformation of the 

cytokine (153). This study highlights that the conformational malleability of IL-2 can play 

an important role in its receptor interactions and is an important consideration in engineering 

the cytokine.

Anti-IL-2 antibodies that modify cytokine behavior provide an alternative approach to 

modulating IL-2 activity without directly changing the biochemical properties of the 
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cytokine. Boyman and colleagues (154) discovered that two mouse IL-2-directed antibodies 

(designated S4B6 and JES6-1) biased the effects of the cytokine toward specific T cell 

subsets. In particular, complexes of IL-2 with the S4B6 antibody stimulated proliferation of 

NK cells and CD8+ T cells to a much greater extent than the cytokine alone, whereas 

treatment with complexes of IL-2 and the JES6-1 antibody markedly induced proliferation 

of Tregs (154). Selective stimulation of effector cells by the IL-2/S4B6 complex resulted in 

potent antitumor activity (155, 156), and, in contrast with IL-2 monotherapy, complex 

treatment did not induce vascular leak syndrome (142). A chimera consisting of mouse IL-2 

fused to the full S4B6 antibody was engineered to prevent cytokine/antibody complex 

dissociation and maintain stoichiometric amounts of each component, and this fusion 

construct induced more potent in vivo expansion of effector T cells than did untethered IL-2/

S4B6 complexes (157). Boyman & Sprent (121) proposed that the distinct behavior of the 

S4B6 and JES6-1 antibodies results from obstruction of particular receptor subunit epitopes 

on the IL-2 cytokine, but the mechanism underlying the behavior of these antibodies 

remains unclear. Establishing a structural understanding of the effects of these two 

antibodies could guide engineering of IL-2 mutants that elicit biased functional outcomes.

ENGINEERING THE IL-15 SYSTEM

The IL-15 cytokine shares its IL-2Rβ and γc signaling subunits with IL-2, so it can be 

considered a naturally engineered cytokine variant. Structural studies from our laboratory 

demonstrated that, despite differences in their binding chemistries, IL-2 and IL-15 dimerize 

IL-2Rβ and γc with identical topologies in their respective quaternary complexes (Figure 
7a) (37). The key distinctions between these two cytokines are (a) IL-15 exhibits an affinity 

for its private alpha receptor subunit that is 400-fold higher than that of IL-2 (135) and (b) 

IL-15 primarily signals in trans, with monocytes or dendritic cells (DCs) presenting 

IL-15Rα to NK cells or T cells rather than the conventional cis activation mechanism 

favored by IL-2 (158). Both IL-2 and IL-15 induce T cell proliferation, stimulate cytotoxic T 

lymphocyte and NK cell differentiation, and trigger antibody production by B cells (158–

160). However, IL-2 uniquely activates immunosuppressive responses through mediation of 

activation-induced cell death and support of Treg differentiation and growth (161, 162), 

whereas IL-15 plays a prominent immunostimulatory role in the response to pathogens by 

inducing the survival and proliferation of CD8+ memory T cells (163–165). Functional 

differences between IL-2 and IL-15 do not appear to emanate from divergence in signal 

activation, but rather from differences in complex stability and tissue expression of the 

cytokine and receptor subunits (37, 135, 160). In fact, simply by enhancing the affinity of 

IL-2 for IL-2Rβ in super-2, we recapitulated IL-15 signaling potency in IL-2Rα-deficient 

cells (Figure 7b).

One focus of IL-15 engineering has been the development of antagonists to counteract its 

immunostimulatory effects. Pettit and colleagues (166) used molecular modeling to identify 

a point residue of IL-15 (Q108) that we now know to be critical for γc interaction (Figure 
7d) (37), which abrogated cytokine-mediated proliferation. The authors built upon this 

development to design an IL-15 antagonist (Q101D/Q108D) that prevented graft rejection 

(167) and inhibited collagen-induced arthritis progression in mice (168) by curbing CD8+ T 

cell proliferation.
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IL-15 has also been engineered to exert agonistic effects. Mortier and colleagues (169) 

designed a soluble truncated version of the IL-15Rα ECD fused to IL-15 that potently 

activated IL-15Rα-deficient cells by stabilizing signaling complex formation, analogous to 

the effect of super-2 on cells that lack IL-2Rα. Accordingly, their IL-15 fusion enhanced the 

proliferative and antiapoptotic effects of the cytokine (169). Zhu et al. (170) pursued a 

different approach to developing IL-15 agonists, enhancing the affinity of the cytokine for 

IL-2Rβ. As the structure of the IL-15 complex was not yet available, they used the IL-2 

complex as a model to predict that N72 of IL-15 would play a significant role in IL-2Rβ 

interaction (170). The recent IL-15 complex structure reveals that N72 is buried within the 

IL-15 interface with IL-2Rβ, so changes in its chemistry would be predicted to impact 

interface stability (Figure 7c) (37). By screening multiple residues at this position, the 

authors determined that an N72D substitution increased the affinity of IL-15 for IL-2Rβ by 

approximately 10-fold, enhancing the potency of induced cell proliferation (170). In 

subsequent work, the N72D mutant of IL-15 was copurified in complex with an IL-15Rα 

Fcfusion to create a superagonist that exhibited potent antitumor activity by stimulating 

proliferation of CD8+ T cells and converting them into innate-like immune effector cells 

(171, 172). These examples accentuate that, as was the case for IL-2, differential tissue 

expression patterns of the alpha receptor subunit for IL-15 enable selective targeting of 

particular cell subtypes through affinity engineering.

ENGINEERING THE IL-4 SYSTEM

IL-4 is an important immunoregulatory cytokine that contributes to the modulation of both 

innate and adaptive immunity through activation of macrophages and DCs and induction of 

T cell differentiation, respectively. As with IL-2, IL-4 has not found broad therapeutic 

utility, largely due to its complicated receptor usage and target cell specificity (173, 174). 

For this reason, IL-4 is an ideal candidate for engineering. The wild-type IL-4 cytokine has 

been used clinically as an agonist to augment the immune response against cancer (175) and 

as an antagonist to blunt allergic reactions (176). However, its use as an agonist was 

terminated owing to toxicity resulting from the cytokine’s pleiotropic activities (175). IL-4 

acts through the engagement of both type I and type II IL-4 receptors that utilize γc and 

IL-13Rα1 as second chains, respectively, to form heterotrimeric signaling complexes with 

the IL-4/IL-4Rα complex (Figure 8a) (2, 36, 177). Early studies using type I and type II 

IL-4 receptor knockout mice indicated that IL-4-mediated enhancement of DCIL-12 

production occurs exclusively via the type I receptor, whereas maturation of DCs occurs 

mainly via the type II receptor (178).

IL-4 variants that induce exclusively type I–dependent or type II–dependent responses could 

preserve the benefits of IL-4 immunotherapy but with reduced side effects. IL-4 is poised on 

a razor’s edge, serving as a regulatory cytokine through the type I receptor (mediating Th2 

development and class switching) and an effector cytokine through the type II receptor. 

Deconvoluting these dual reactivities at the structural level has been a major goal of IL-4 

engineering. However, the highly cross-reactive nature of the shared binding interface 

utilized by IL-4 to engage the IL-13Rα1 and γc chains (36) presents a significant technical 

obstacle to creating type I or type II receptor–selective IL-4 variants. In both instances, IL-4 

uses the same amino acids in its D helix (R121, E122, Y124, and S125) to engage the 
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second receptor chains (Figure 8b,c) (36). Decoupling this binding specificity by predictive 

mutagenesis would be unlikely to succeed. In contrast, this intrinsic difficulty was not an 

issue for creating IL-4 antagonists to treat allergy and asthma, where simply ablating affinity 

for the second chain while retaining affinity for IL-4Rα could be easily achieved (41, 176). 

The IL-4 Y124D mutation disrupted a key amino acid interaction network with Y182 and 

H159 on γc and R256 and L315 on IL-13Rα1 that reduced binding affinity for both receptor 

chains, without affecting binding to the IL-4Rα chain (41). In addition to Y124D, another 

second receptor chain binding disruption mutation (R121D) was introduced to develop an 

IL-4 antagonist drug known as Pitrakinra (AerovantTM), which is currently undergoing 

clinical trials in the treatment of asthma (176).

Interestingly, the R121E mutant of IL-4, similar to the R121D mutant described for 

Pitrakinra, was reported to bind more tightly to the type I than to the type II receptor (179). 

The structure of the type II receptor complex reveals that the R121E mutation disrupts a 

critical salt bridge between R121 on IL-4 and E322 on IL-13Rα1 (36). However, the 

contacts between IL-4 R121E and γc remain unchanged because γc does not rely on this salt 

bridge for cytokine interaction (36). This result demonstrated that, in principle, the type I/

type II binding specificity of IL-4 could be decoupled, although the R121E mutant still 

retained significant cross-reactivity for the two IL-4 receptor complexes.

Our laboratory engineered IL-4 mutants with a high degree of selectivity for the IL-4 type I 

versus type II receptor complexes (84). These mutants are referred to as super-4 (type I 

receptor specific) and KFR (type II receptor specific) and have proven useful in 

deconvolving some of the functional redundancies exhibited by IL-4 and IL-13. Different 

experimental approaches were used to obtain these two IL-4 mutants. Super-4 was 

engineered through a combinatorial approach involving yeast surface display of IL-4. Based 

on the interatomic contacts visualized in the IL-4/γc binding interface (36), we generated a 

focused IL-4 contact library. Through multiple rounds of selection against γc, we isolated an 

IL-4 mutant with ~20,000-fold higher affinity for the type I compared to the type II receptor. 

To rationalize how the super-4 mutations (in particular Y124W and S125) manifested higher 

affinity, we determined the structure of the super-4/γc complex (Figure 9a). F125 on 

super-4 fills a large hydrophobic pocket on γc that is unoccupied in the wild-type complex, 

contributing an additional 52.5 Å2 of buried surface, and mutation of Y124 to W created a 

new hydrogen bond interaction between this residue and a main chain carbonyl on γc (36, 

84).

To engineer the IL-4 type II receptor–specific mutant KFR, we used a rational structure-

based approach. We aligned the structure of IL-4 with IL-13 in the two type II receptor 

ternary complexes in order to identify important IL-13 receptor–interacting residues that 

could be grafted into the corresponding positions on IL-4 (Figure 8c) (36, 84). Three 

centrally located amino acids on IL-4 in the IL-4/IL-13Rα1 binding interface (R121, Y124, 

and S125) were mutated to their positional equivalents in IL-13 (K104, F107, and R108) to 

generate the IL-4 type II–specific variant KFR, which binds the type II IL-4 receptor ~500-

fold better than the type I receptor (36, 84).
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Isolation of IL-4 receptor–selective variants allowed us to independently examine activities 

emanating from the IL-4 type I and type II receptors. Although super-4 and KFR exhibited 

differential activation potencies, we did not observe qualitative differences in the signaling 

pathways that were induced. Both mutants led to an increase in the levels of phosphorylated 

STAT6 and insulin receptor substrate (IRS)-1, with potencies of induction that paralleled the 

expression levels of type I and type II receptors on various cell types (84). We did observe 

differences in the kinetics of signaling activation that could, in principle, perturb gene 

expression programs and bioactivities induced by the two IL-4 receptor complexes. Indeed, 

we found that although super-4 was more potent than IL-4 and KFR in inducing the 

differentiation of CD4+ T cells into a Th9 subset, this mutant was unable to promote the 

differentiation of monocytes into DCs as seen for IL-4 and KFR (Figure 9b) (84). Because 

CD4+ T cells express only the type I IL-4 receptor, it appears that Th9 differentiation is a 

type I receptor–dependent response (180). Monocytes, in contrast, express high levels of 

both type I and type II receptors (181), making the lack of DC differentiation induction by 

super-4 unexplainable. These results suggest that although super-4 engages the type I 

receptor and promotes STAT6 activation in monocytes, this signaling is not sufficient to 

drive monocyte differentiation into DCs, arguing in favor of signaling by the type II receptor 

for the induction of this latter activity. The differential activities initiated by super-4 when 

compared to IL-4 could be exploited for therapeutic development. By activating only type I 

receptor responses, super-4 could potentially preserve the benefits of an IL-4 therapy while 

mitigating toxicity associated with the type II receptor responses.

ENGINEERING THE IL-13 SYSTEM

IL-13 and IL-4 share many immunological functions, as both cytokines signal through the 

type II receptor and activate STAT6 (182, 183). IL-13 uniquely binds to a decoy receptor, 

IL-13Rα2 (Figure 8a), which lacks a well-characterized signaling function (184) while 

exhibiting one of the highest affinities reported for a cytokine–receptor interaction (on the 

order of femtomolar) (57). Thus, IL-13Rα2 is a very efficient IL-13 sink that blunts the 

agonistic actions of IL-13 in vivo. The restricted IL-13Rα2 expression pattern has made this 

receptor an attractive target for protein engineering. Several tumor types, including 

glioblastoma multiforme (GBM), express high levels of this decoy receptor (185, 186), and 

engineering efforts have focused on designing therapies that would specifically target toxins 

to the tumor via IL-13Rα2 (186). One approach linked the IL-13 cytokine to Pseudomonas 

exotoxin (PE) to specifically deliver the toxin to IL-13Rα2-positive GBM cells (187). 

Unfortunately, this therapy failed in clinical studies, as most patients experienced dose-

related toxic side effects (186, 188) resulting from binding of the IL-13-PE construct to 

IL-13 type II complex receptors expressed in the healthy brain tissue surrounding the tumor 

(189, 190).

In a second-generation design of the IL-13-PE construct, the authors focused on reducing 

the toxicity associated with this therapy by introducing mutations that selectively disrupted 

the IL-13/IL-4Rα interaction to prevent formation of the type II complex (191). An E12K 

mutation on IL-13 resulted in decreased binding affinity for IL-4Rα and concomitant 

reduction of IL-13 agonist activity through the type II receptor (191). However, when the 

IL-13 E12K mutant was linked to PE toxin, it induced similar levels of toxicity to the wild-
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type cytokine (192), suggesting that binding to IL-13Rα1 is the main driver of toxicity 

associated with the IL-13-PE therapy. Engineering of IL-13 variants that would specifically 

bind with high affinity to IL-13Rα2 and with reduced affinity to IL-13Rα1 could potentially 

reduce the toxicity of this therapy.

The crystal structure of the IL-13/IL-13Rα2 binary complex (57) together with the 

structures for the IL-4 and IL-13 type I and type II complexes (36) provide a complete set of 

structures to guide the engineering of IL-13Rα2-specific variants of IL-13 (Figure 8a). 

Comparison of the IL-13/IL-13Rα1 and IL-13/IL-13Rα2 binding interfaces reveals a highly 

cross-reactive interface on the cytokine, with IL-13 residues K104, K105, F107, and R108 

on the IL-13 D helix mediating most of the contacts with both receptor chains (Figure 8c). 

This presents a major challenge for the generation of receptor-specific IL-13 mutants (36, 

57). In a structure-guided Ala scan, most of the interface mutations introduced on IL-13 led 

to a parallel decrease in the IL-13 binding affinity for IL-13Rα1 and IL-13Rα2 (57). 

However, one mutation (K105A) led to a more pronounced decrease in IL-13 affinity for 

IL-13Rα2 (>70-fold) than for IL-13Rα1 (3-fold) (Figure 9d) (57). The IL-13/IL-13Rα2 

crystal structure shows that K105 on IL-13 forms critical contacts with Y207 on IL-13Rα2, 

but it does not interact with any residue on IL-13Rα1 (Figure 9c) (36, 57). This structural 

analysis is consistent with previous data demonstrating that mutation of K105 to R on IL-13 

increased the binding affinity of IL-13 for IL-13Rα2 (193). These results imply that 

receptor-specific variants could be engineered by remodeling the IL-13 receptor binding 

interface, although a more combinatorial approach in tandem with structure-guided library 

design will be necessary to achieve fine receptor specificity.

CONCLUSIONS AND FUTURE PERSPECTIVES

Engineered examples of IFN, IL-2, and IL-4 cytokines could have therapeutic utility in 

many facets of immune regulation. It remains to be seen how engineered cytokines will fare 

in the treatment of immune-related diseases, as significant questions remain about potential 

immunogenicity and pharmacokinetics. Nevertheless, our ability to tune these molecules to 

evoke biased or novel functional outcomes has deepened our understanding of immune 

signaling and, coupled with continued new structural insights into these systems, further 

empowers us to design highly specific immunotherapeutics.
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Figure 1. 
Structural taxonomy of cytokine receptors and their respective signaling complexes. The 

receptor classes are subdivided broadly based on the hematopoietic (type I) and interferon 

(IFN) (type II) cytokine receptors. Type I cytokines are further subdivided based on the 

three principal shared receptor families (βc, γc, and gp130). The cytokine-binding homology 

regions (CHR), composed of tandem fibronectin type III (FNIII) domains, are colored blue 

on the receptor cartoons. The structures demonstrate conservation of the cytokine-CHR 

complex module across all systems, but also the distinctiveness of the overall complex 

structures. The structures shown are the receptor complexes for GM-CSF (55); IL-4 and 

IL-2 (36, 133); IL-6 (45, 194, 195) and CNTF (196, 197), both assembled from a 

compilation of X-ray diffraction and electron microscopy data; hGH (32); IL-10 (198); and 

type I IFN (40). (Abbreviations: GM-CSF, granulocyte macrophage colony-stimulating 

factor; CNTF, ciliary neurotrophic factor; hGH, human growth hormone.)
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Figure 2. 
Cytokine receptor–ligand engagement, dimerization, and signaling. A cytokine interaction 

with its cognate receptor is shown, based on the structure of the IL-4 receptor signaling 

complex. This complex is representative of the dimeric unit mediating canonical JAK/STAT 

cytokine receptor signaling, forming site 1 and site 2 contacts to dimerize the receptors and 

initiate JAK/STAT signaling.
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Figure 3. 
Cytokine engineering workflow. A cytokine–receptor complex crystal structure is used as a 

design template to create receptor binding site libraries of the cytokine that are evolved to 

isolate clones exhibiting differential receptor interaction properties, as assessed by the 

metrics shown.
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Figure 4. 
Ligand discrimination by type I IFN receptors. (a) IFN-ω and IFN-α2 (YNS) engage 

IFNAR1 and IFNAR2, forming identical dimer geometries (top panel) that elicit discordant 

antiproliferative and antiviral potencies (bottom panels) (40). (b) The YNS mutations in 

IFN-α2 map to the interface with IFNAR1 (top panel) and improve receptor affinity through 

optimization of van der Waals and electrostatic interactions (bottom panel). (c) Substitution 

of K152 in IFN-ω with the analogous R148 in IFN-α2 results in strengthening of its 

interaction free energy with “hot spot” residue E77 in IFNAR2 (bottom panel). The black 

dashed line indicates a salt bridge. (Abbreviations: HCV, hepatitis C virus; IFNAR, IFN-α 

receptor.)
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Figure 5. 
Tunability of IFN function through IFN interface engineering. (a) The IFN-ω/IFNAR1/

IFNAR2 ternary complex (40) with the SD4 domain of IFNAR1 modeled from the murine 

IFN-β/IFNAR1 structure (PDB 3WCY). The IFNAR1 (blue dashed oval) or IFNAR2 (red 

dashed oval) binding interfaces of IFN-ω were engineered to alter the stability of the ternary 

complex. (b) Characterization of wild-type (WT) versus engineered mutant IFN behavior 

using various biochemical and functional metrics (40).
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Figure 6. 
IL-2 receptor complex assembly and interface engineering. (a) Assembly of the high-affinity 

IL-2 quaternary signaling complex is initiated by binding of the cytokine to the IL-2Rα 

chain, followed by recruitment of the IL-2Rβ chain, and then the γc chain (133). (b–e) 

Cytokine mutations that have been shown to modulate the IL-2Rα, IL-2Rβ, and γc interfaces 

are highlighted, with mutated residues indicated in green and hydrogen bonds shown as 

black dashed lines.
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Figure 7. 
Structure-based modulation of IL-15 affinity for shared IL-2 receptor chains. (a) The IL-15 

receptor complex architecture (37) and (b) comparison of the STAT5 phosphorylation 

profiles for IL-2, super-2, and IL-15 in IL-2Rα-deficient NK cells (37). Through a 200-fold 

increase in its interaction with IL-2Rβ, super-2 matches the signaling potency of IL-15. (c,d) 

Mutations on the IL-15 cytokine that alter the IL-2Rβ and γc interactions are highlighted, 

with mutated residues shown in green and a hydrogen bond displayed as a black dashed line.
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Figure 8. 
Cross-reactivity of the IL-4 and IL-13 receptor binding interfaces. (a) Crystal structures of 

the complete set of IL-4 and IL-13 type I and type II receptor complexes as well as the 

IL-13/IL-13Rα2 receptor complex (36, 57). Site 2 binding interfaces are detailed in the inset 

boxes below, depicting γc-binding residues on the IL-4 type I complex (b), IL-13Rα1-

binding residues on the overlaid IL-4 type II and IL-13 type II complexes (c), and 

IL-13Rα-1- and IL-13Rα2-binding residues on the overlaid IL-13 type II and IL-13 decoy 

complexes, respectively (d).
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Figure 9. 
Structural rationale for engineering IL-4- and IL-13-binding specificity. (a) Superposition of 

the IL-4/γc and super-4/γc complexes (36, 84) with a close-up view of their respective site 2 

binding interfaces. (b) Type I and type II receptor signaling responses activated by IL-4, 

super-4, and KFR. (c) Superposition of the IL-13/IL-13Rα1 and IL-13/IL-13Rα2 complexes 

(36, 57) with a close-up view of their respective site 2 interactions. (d) The discordant effect 

of the K105A mutation on IL-13 binding to the IL-13Rα1 and IL-13Rα2 receptor chains.
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