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Abstract 
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Interleukin-1 (IL-1) family cytokines are potent signaling molecules that influence both 

innate and adaptive immune systems. The IL-1 family, composed of 11 cytokines and 10 

receptors, mediate inflammation to a wide array of stimuli and act on myriad cell types 

for diverse immunological outcomes. Altogether, IL-1 family signaling is integral to a 

multitude of inflammatory responses and occurs in distinct steps. First, an agonist 

cytokine binds its cognate receptor at high affinity. Next, this cytokine-receptor complex 

recruits an often-shared co-receptor. As this cytokine/receptor/co-receptor complex 

forms, Toll/IL-1 Receptor (TIR) domains, residing cytoplasmically, oligomerize, 

initiating a potent signaling cascade that results in prototypical NF-κB signal 

transduction.  Due to the strong nature of IL-1 family signaling, multiple physiological 

mechanisms exist to stem this inflammatory signal, including antagonist cytokines and 

decoy receptors. Within the IL-1 family, the cytokines and receptors can be further 

divided into four subfamilies dependent on their secondary receptors.  The IL-1 

subfamily contains IL-1, IL-33, and IL-36 as they all share IL-1RAcP as their secondary 



 
 

 

receptor; the IL-18 subfamily is distinct as it utilizes IL-18Rβ as its secondary receptor. 

Here, we describe how structural biology has guided our understanding of IL-1 family 

signaling and how that knowledge can be leveraged for the design of therapeutics to stem 

aberrant cytokine signaling. In our first study, we demonstrate the feasibility of targeting 

a shared co-receptor, IL-1RAcP, for selective cytokine inhibition. Indeed, dependent on 

the specific epitope targeted on IL-1RAcP, differential cytokine signaling inhibition can 

be achieved. In addition, we developed our own IL-33 therapeutics by leveraging the 

high affinity IL-33 has for its primary receptor, the stability imparted by the secondary 

receptor, and the extended half-life gained through an Fc-fused receptor. Two of these 

molecules inhibit IL-33 signaling better than the natural antagonist sST2. Altogether, 

structural biology has informed our understanding of IL-1 family signaling, generated 

approaches to improve existing therapeutics, namely antibody epitope targeting, and led 

to the creation of additional IL-33 target therapeutics in the form of our “cytokine traps.”  
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Chapter 1: Structural Basis of IL-1 Family Cytokine Signaling 
 
1.1 Abstract 

Interleukin-1 (IL-1) family cytokines are key signaling molecules in both the innate and 

adaptive immune systems, mediating inflammation in response to a wide range of stimuli. 

The basic mechanism of signal initiation is a stepwise process in which an agonist 

cytokine binds its cognate receptor. Together, this cytokine-receptor complex recruits an 

often-common secondary receptor. Intracellularly, the Toll/IL-1 Receptor (TIR) domains 

of the two receptors are brought into close proximity, initiating an NF-κB signal 

transduction cascade. Due to the potent inflammatory response invoked by IL-1 family 

cytokines, several physiological mechanisms exist to inhibit IL-1 family signaling, 

including antagonist cytokines and decoy receptors. The numerous cytokines and 

receptors in the IL-1 superfamily are further classified into four subfamilies, dependent 

on their distinct cognate receptors – the IL-1, IL-33 and IL-36 subfamilies share IL-

1RAcP as their secondary receptor, while IL-18 subfamily utilizes a distinct secondary 

receptor. Here, we describe how structural biology has informed our understanding of IL-

1 family cytokine signaling, with a particular focus on molecular mechanisms of 

signaling complex formation and antagonism at the atomic level, as well as how these 

findings have advanced therapeutics to treat some chronic inflammatory diseases that are 

the result of dysregulated IL-1 signaling.  

1.2 Introduction 

During the hunt for the fever-inducing molecule produced by lymphocytes in the second 

half of the last century, interleukin 1 (IL-1) was discovered [1]. Originally given different 
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names, such as leukocytic pyrogen and lymphocyte activating factor, a unifying 

nomenclature was introduced and it was named interleukin for its capacity to 

communicate between leukocytes [2]. Later, it was discovered that IL-1 exerts its effects 

on a much broader set of cells, not only leukocytes [3]. The purified cytokine had 

unprecedented activity even at pM levels [1]. During biochemical characterization, it was 

soon realized that these IL-1 purifications contained, in fact, two proteins of similar 

molecular weight, later named IL-1α and IL-β, that work through the same receptor on 

cells, inducing similar immunological effect [4]. Cloning of the corresponding genes and 

subsequent recombinant expression of the proteins paved the way for detailed molecular 

studies.  

With the improvement of genome analysis during the 1990s, the number of genes 

that could be identified as IL-1-like cytokines grew substantially. Now, 11 cytokines and 

10 receptors are considered members of this cytokine family (Table 1.1 & Table 1.2) [5]. 

For the majority of cases, the genomic identification of IL-1 family members preceded 

the discovery of their immunological function. In fact, there are still cytokines whose 

modes of action are not entirely clear (e.g., IL-37, IL-38) and receptors whose ligands 

and/or function are not yet fully described (e.g., SIGIRR, IL-1RAPL1/2).  
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Table 1.1: List of IL-1 family cytokines 

List of IL-1 family cytokines with their respective nomenclatures, Uniprot IDs, alternative names, 
domains, and structures by PDB code.  

 
 

Table 1.2: List of IL-1 family cytokine receptors 

List of IL-1 family cytokine receptors with their respective nomenclatures, Uniprot IDs, 
alternative names, domains, and structures by PDB code.  

 

Structural biology has been instrumental in answering some of the central 

questions concerning IL-1 family cytokine signaling. For example, despite the similarity 

in function, sequence identity of the mature cytokines IL-1α and IL-1β is only 25%. With 

the solution of the X-ray crystal structures of both cytokines, it became evident that both 

mature cytokines share an overall fold, explaining the ability to engage the same receptor 
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[4, 6] . Later, the structure of the naturally occurring antagonist cytokine IL-1 receptor 

antagonist (IL-1Ra) was found to exhibit the same fold as both agonist cytokines, IL-1α 

and IL-1β. Comparison of the IL-1 receptor (IL-1RI) bound to IL-1β and IL-1Ra, 

combined with earlier mutagenesis work, revealed how IL- 1Ra can compete with IL-1β 

for binding its primary receptor yet prevent engagement of the co-receptor IL-1 receptor 

accessory protein (IL-1RAcP) [7, 8] and, thus, inhibit IL-1 signaling. Another long-

standing question was how the binary receptor-cytokine pair can engage its co-receptor 

IL-1RAcP, the final step of signal initiation. It was not until the structure of the ternary 

complex of IL-1β with a decoy receptor, IL1RII, and its co-receptor, IL-1RAcP, was 

published that this was finally clarified [9].  

Guided by structural studies, we now have a detailed picture of the general 

mechanisms of signal activation and inhibition in the IL-1 cytokine family, of which we 

describe key features in more detail in the following sections.  

1.3 Signaling 

All members of the IL-1 family are extremely potent modulators of inflammation. Hence, 

their activities are regulated on several levels, including gene transcription, expression as 

inactive proforms, secretion and binding at the receptor level. Almost all cytokines of the 

IL-1 family are expressed as proforms with N-terminal domains of varying length from 

more than 100 amino acids (IL-33) to just a single amino acid (IL-36Ra). Proteases 

remove the N-terminal amino acids, creating mature, signaling-competent cytokines [10, 

11]. Once active cytokines are secreted, they can bind to their cognate cell surface 
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receptors and initiate signaling. Within the IL-1 family, the mechanism of signal 

initiation is highly conserved.  

Typical agonist signaling is initiated by a cytokine, such as IL-1β, binding its 

cognate receptor IL-1RI with nM affinity (Figure 1.1). Upon binding, a shared co-

receptor, IL-1RAcP, is recruited by binding to the composite surface of the cytokine and 

primary receptor complex, resulting in the creation of a ternary complex; the binding 

affinity of IL- 1RAcP is approximately 100-fold weaker than that of the IL-1β/IL-1RI 

complex. Through a single transmembrane helix spanning the plasma membrane, the 

ectodomains of these receptors are attached to Toll/interleukin-1 receptor (TIR) domains 

that reside in the cytoplasm. As the trimeric complex containing the cytokine, primary 

receptor, and accessory protein is formed, the cytoplasmic TIR domains of the two 

receptors are brought together to elicit downstream signaling via Myd88-dependent 

signaling pathways.  
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Figure 1.1. Cartoon representation of IL 1 super family. 

(A) Cytokines of the IL-1 subfamily are above their respective receptor binding partners. (B) IL-
18 has a different co-receptor, IL-18Rβ, and is a part of the IL-18 subfamily. (C) Upon binding of 
IL-1β to IL- 1RI, IL-1RAcP is recruited to initiate signaling. (D) When IL-1β binds IL-1RII, no 
signaling occurs as IL-1RII lacks a cytoplasmic TIR domain. (E) When the IL-1R receptor 
antagonist (IL-1Ra) binds IL-1RI, the IL-1RAcP is not recruited, leading to no signaling. (F) IL-
33 signaling can be inhibited by sequestration of the cytokine by the soluble ST2 receptor. (G) 
IL-18 can be sequester by the IL-18 binding protein (IL-18BP) to inhibit signaling. 
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At the receptor level, signaling can be regulated by antagonistic cytokines. These 

bind to the primary receptor yet do not allow the accessory receptor to form the trimeric 

complex, thus prohibiting IL-1 signaling (Figure 1.1E). This can also be achieved by 

decoy receptors (Figure 1.1D/F). These receptors bind the cytokine but lack the 

intracellular TIR domain necessary for signaling, thereby neutralizing agonist cytokines.  

One hallmark of IL-1 signaling is the redundancy of cytokines capable of binding 

the same cognate receptor [12].For instance, the primary receptor IL- 1RI binds IL-1α, 

IL-1β and IL-1Ra and the inhibitory receptor IL-1RII binds the same three cytokines, 

albeit with different affinities [13]. The four IL-36 cytokines (the agonists IL-36α, IL-36β 

and IL-36γ, and the antagonist IL-36Ra) share IL-36R as their single primary receptor. 

The most promiscuous receptor is IL-1RAcP, the co-receptor for three primary receptors, 

one decoy receptor and six agonist cytokines, binding eight different cytokine/receptor 

pairs altogether.  

 
1.4 Cytokines 

The high-resolution structures of IL-1α, IL-1β, IL-1Ra, IL-33, and IL-36γ, IL -18, IL-37, 

and IL-38 cytokines have all been determined by either X-ray crystallography or solution 

state NMR. These cytokines all possess a conserved β-trefoil conformation and a central 

hydrophobic core composed of 12 β-sheets, six of which (β1, β4, β5, β8, β9, and β12) 

form an anti-parallel β-barrel (Figure 1.2) [14]. The β-trefoil consists of six β-hairpins 

and, using the structure of IL-1β by way of example, the naming of the β- sheets starts 

consecutively from the N-terminus for all IL-1 family cytokines (Figure 1.2A). While this 

structural motif is conserved among the cytokines, their sequence identity is low, even for 
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members that bind the same primary receptor. Due to the inherent affinities for their 

primary receptors, these cytokines function at picomolar levels in order to elicit their 

downstream effects.  

1.4.1 IL-1: IL-1 is an extremely potent inflammatory cytokine that is involved in myriad 

immunological responses, spanning both innate and adaptive immunity [15]. Of the 

cytokines that bind the primary receptor IL-1RI, there are two similar yet distinct 

molecules, IL-1α and IL-1β, which are encoded by different genes. The IL-1α precursor 

gene is expressed constitutively in cells, including kidney, liver, lung, endothelial cells, 

astrocytes, and the epithelium of the gastrointestinal track [3]. Unlike IL-1β, IL-1α is 

already active in its primary precursor form and acts as an alarmin by eliciting a signaling 

cascade through IL-1RI. The crystal structure of IL-1α has been determined at a 

resolution of 2.7 Å. [4]. Similar to other cytokines within the IL-1 family, IL-1α is 

composed of 12 β-strands in a β-trefoil architecture.  

Unlike IL-1α, IL-1β is expressed in a more limited number of cell types and must 

be processed from its precursor form to become an active agonist in IL-1 signaling. IL-1β 

is transcribed by monocytes, macrophages, and dendritic cells following Toll-like 

receptor (TLR) activation by pathogen-associated molecular patterns (PAMPs) or 

cytokine signaling. IL-1β is also transcribed in the presence of itself in a form of auto-

inflammatory induction [15, 16]. The inactive IL-1β precursor needs to be processed by 

caspase-1 cleavage, which in turn requires activation by danger- associated molecular 

patterns (DAMPs).  
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While active IL-1β and IL-1α have a sequence identity of only 25%, their overall 

structures are highly similar with an overall root mean square deviation (RMSD) of 1.54 

Å over all Cα positions [17]. The β4/5 and β11/12 (Figure 1.2A) loops of the cytokine are 

instrumental for their function and differ between agonist and antagonist cytokines, as 

discussed below.  



 
 

10 

 

Figure 1.2: Representation of cytokine structures.  

(A) The structure of IL-1β with its β- sheets and key loops labelled. (B) The structure of IL-33 
with its β-sheets and key loops labelled. (C) The structure of IL-36γ with its β-sheets and key 
loops labelled. (D) The structure of IL-18 with its β-sheets and key loops labelled.  
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1.4.2 IL-33: IL-33, the latest addition to the IL-1 superfamily, was discovered over a 

decade ago and is now clearly defined as a key component of innate and adaptive 

immune responses [18, 19]. The IL-33 receptor, ST2, had been discovered previously and 

was considered an orphan receptor in the absence of any known ligand. ST2 was first 

used as a marker to differentiate T helper 2 (Th2) from T helper 1 (Th1) cells as it was 

selectively expressed on the former. Later, the ST2/IL- 1RAcP signaling complex was 

shown to exist on group 2 innate lymphoid (ILC2) cells, helper and regulatory T cells, 

mast cells, basophils, eosinophils, NKT cells, and NK cells [20]. As such, this cytokine is 

instrumental in immune defense against parasites and viruses [21-23]. 

Similar to IL-1α, IL-33 is biologically active in its nuclear form and is expressed 

constitutively in tissues, although subsequent cleavage by proteases can increase its 

potency [24, 25]. Conversely to IL-1β, IL-33 is inactivated by caspase-1 cleavage during 

apoptosis [26]. It acts as an alarmin critical to innate and adaptive immune defenses. IL-

33 also plays an important role in allergic inflammation. Upon allergen induced 

activation, IL-33 protein levels increase beyond its basal levels [27-29]. Unlike IL-1, 

there is no known antagonist cytokine to downregulate this activation. Instead, ST2 also 

exists in a soluble form (soluble ST2, sST2) that contains only the ectodomain of the 

receptor, composed of three immunoglobulin (Ig) fold domains, with no transmembrane 

helix (Figure 1.1F). As this decoy receptor is released, excess IL- 33 may be sequestered 

to limit IL-33 driven inflammation.  

The IL-33 fold was first predicted by a computational screen based on structural 

alignments of IL-1 family cytokines and fibroblast growth factor (FGF) β-trefoil 
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cytokines; its three-dimensional structure was then determined by NMR [30]. Similar to 

both IL-1α and IL-1β, IL-33 is a 12-stranded β-barrel surrounding a hydrophobic core in 

a β-trefoil configuration. There are two alpha helices (α1 and α2) that precede β-strands 

β8 and β12 (Figure 1.2B). The β 4/5 loop of IL-33 is substantially longer than those of 

other IL-1 family cytokines with an additional 10 amino acids [30].  

1.4.3 IL-36: The IL-36 receptor (IL-36R) is the most promiscuous primary receptor in 

the IL-1 family; it binds three agonist cytokines, IL-36α, IL-36β and IL-36γ, as well as a 

single antagonist cytokine, or receptor antagonist, IL-36Ra. IL-36R and the IL-36 

cytokines were discovered separately through genome screening [31, 32]. Both remained 

orphaned until their functional dependence was shown [33]. While IL-36α, IL-36β, IL-

36γ, and IL-36Ra all lack an N-terminal secretion signal, they are secreted by an 

unidentified mechanism as they function, putatively, extracellularly [34].  

While relatively new to the IL-1 family, the broader immunological role of the IL-

36 cytokines began to be elucidated after the discovery that their N-terminus must be 

processed precisely for higher affinity binding to its cognate receptor [35].  

CD4+ T cells, upon activation, may be stimulated by IL-36 agonist cytokines to 

induce IL- 2 production, proliferate, and be subsequently polarized for a Th1 response 

[36]. In addition to T cells, IL-36 cytokines are involved in the regulation of dendritic 

cells [37]. IL-36γ is the only agonist cytokine of the IL-36 subfamily for which a high-

resolution structure has been determined (Figure 2.2C) [38].  
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1.4.4 IL-18: IL-18 is best known for its capacity to induce IFN-γ and is expressed by 

macrophages, epithelial cells, such as keratinocytes, and dendritic cells [34]. Reminiscent 

of IL-1β, IL-18 must be processed from its 23 kDa proform by caspase-1 into its 18 kDa 

active form [39]. The architecture of IL-18 is grossly similar to those of the other IL-1 

family member cytokines (Figure 1.2D). 

1.5 Binary Complexes 

The formation of the binary complex is a key step in the initiation of a functioning 

signaling complex. Through structural studies, much has been elucidated concerning 

these interactions. The primary receptors share a similar overall molecular architecture 

and bind their respective cytokines in conserved binding sites (Figure 1.3). Due to these 

similarities, we use the structure of IL-1β bound to IL-1RI here to highlight the 

commonalities between all three binary complex structures.  
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Figure 1.3: Structures of binary cytokine/receptor complexes.  

(A) Cartoon of IL-1β/IL- 1RI binary complex (pdb: 1itb). (B) Surface of both IL-1β and IL-1RI 
with respective interfaces showing electrostatic potential. (C) Cartoon of IL-33/ST2 binary 
complex (pdb: 4kc3). D: Surface of both IL-33 and ST2 with respective interfaces showing 
electrostatic potential. E: Cartoon of IL-18/IL-18Rα binary complex (pdb: 3wo3). (D) Surface of 
both IL-18 and IL-18Rα with respective interfaces showing electrostatic potential.  
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1.5.1 IL-1β/IL-1RI: The ectodomain of the primary receptor IL-1RI contains three Ig-

like domains (D1, D2 and D3) that form two distinct binding sites, A and B, that together 

drive its interactions with IL-1 cytokines (Figure 1.3B). The primary receptor adopts an 

architecture that resembles a grasping hand in how it binds the cytokine. D1 and D2 are 

tightly packed against each other and, together, their contiguous molecular surface 

constitutes binding site A. Between D1/D2 and D3, there is a 6 amino acid linker lacking 

secondary structure. D3 is a single Ig domain and forms binding site B [8]. IL-1β, in 

total, has a buried surface area within the interface of IL-1RI of 1932 Å2 over 47 

residues. When divided between respective binding sites, IL-1β has a buried surface area 

of approximately 1000 Å2 over 25 amino acids at site A [8].  

In site B, formed by the D3 domain of the receptor, there is a nearly equivalent 

sized interface to the D1/D2-IL-1β interface over 21 amino acids [8]. Five of the six β-

sheets from the Ig fold of D3 are involved in this interface. Additionally, there is a 

hydrogen bond between IL-1β with the linker between D1/2 and D3, falling outside the 

canonical sites A and B.  

1.5.2 IL-33/ST2: IL-33 binds its primary receptor, ST2, with an affinity of 450 pM [30]. 

While a crystal structure of the binary complex IL-33/ST2 was determined in 2013 [40], 

a previous NMR structure of IL-33 alone had been published in 2009 [30]. IL-33 exhibits 

very little conformational change upon binding ST2; there is an RMSD of 1.2 Å over all 

Cα atoms between ST2-bound and unbound IL-33. As with IL-1RI, ST2 is composed of 

three Ig domains, all of which interact with IL-33, that can be further divided into site A 

and B, analogous to IL-1RI/IL-1β [40].  
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While the overall D1/D2 architecture is conserved between the known structures 

of IL-1β/IL-1RI and IL-33/ST2, the orientation of the D3 domain relative to D1/2 is not, 

resulting in an RMSD of 4.51 Å between the two receptors. Together, IL-33 and ST2 

share a buried surface area of roughly 1700 Å. When divided into the respective sites, site 

A of ST2 has a buried surface area of 940 Å2 contributed by 30 residues. The vast 

majority of this interface has a positive electrostatic potential (Figure 1.3D). On the D3 of 

ST2, binding site B, there is a buried surface area of 818 Å2 over 22 residues. Binding 

site B, in contrast to site A, has a lower electrostatic potential and relies heavily on salt 

bridges between ST2 and IL-33.  

1.5.3 IL-18/IL-18Rα:  

Shortly after the publication of the IL-33/ST2 crystal structure, the binary complex of IL-

18 with its primary receptor IL-18Rα was published [41]. IL- 18Rα, like the other 

primary receptors within the IL-1 family, is composed of three Ig-like domains that can 

be grouped into two respective parts, D1/D2 and D3. In comparison to the IL-1β/IL-1RI 

and IL-33/ST2 binary structures, the IL-18/IL-18Rα structure has a similar overall 

architecture of its domains. As with the other cytokine/primary receptor pairs, IL- 18 

binds to IL-18Rα at two distinct sites, encompassing all three Ig domains of the primary 

receptors (Figure 1.3F). In total, IL-18 has a buried surface area with IL-18Rα of 1650 

Å2 over 49 residues. From the perspective of IL-18Rα, binding site A has a buried 

surface area of 890 Å2 over 30 AA. This is composed mainly by residues on the β1/2 

loop, β2 and β3 strands, and β10/11 loops of IL-18 (Figure 1.2D). As shown by the 

crystal structures, hydrophilic interactions dominate this interaction. When considering 
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binding site B on IL- 18Rα, there are six residues from IL-18 that make up the 

composition of this interface. On IL-18Rα, site B is composed of 22 amino acids. This, in 

total, results in a buried surface area of roughly 600 Å2 [41].  

1.6 Ternary Complexes 

The available ternary complex structures of the IL-1 family members all share common 

structural motifs. This is not wholly surprising. For one, a feature of the IL-1 family is the 

redundancy of binding partners. Highly variable cytokine sequences result in a common 

secondary structure. In turn, these cytokines can bind to the same primary receptors at 

nM affinity (e.g., similar affinities of IL-1α and IL-1β for IL-1RI). The primary and 

secondary structures are both composed of three Ig-like domains. The binding of the 

cytokine to the primary receptor creates a composite surface for the recruitment of the 

secondary receptor. This allows cytoplasmic TIRs to aggregate for a MyD88 signaling 

cascade. Even for cytokines that share a common secondary-receptor, these protein 

complexes are able to interact differently with the secondary receptor at the same key 

areas. This allows the same co-receptor, IL-1RAcP, to be a key mediator of vastly 

different immunologic outcomes.  

1.6.1 IL-1 ternary complexes: The first high-resolution ternary structure in the IL-1 

family determined was the inhibitory complex of IL-1β with the decoy receptor IL-1RII 

and IL- 1RAcP [9]. Shortly thereafter, the signaling-competent ternary complex IL-

1β/IL-1RI/IL-1RAcP was determined [42]. The two ternary complexes display high 

structural similarity to one another with an RMSD of 1.8 Å between their Cα atoms. 

These structures have greatly informed our understanding of IL-1 family signaling 
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mechanisms by revealing the interactions necessary for the recruitment of the accessory 

protein.  

The overall architecture of the binary complex IL-1β/IL-1RI remains 

predominately unchanged when the secondary receptor is recruited to form the trimeric 

complex IL- 1β/IL-1RI/IL-1RAcP, with an RMSD of 1.4 Å [42]. The binding of the 

cytokine to its cognate receptor allows for a composite surface between IL-1β/Il-1RI to 

recruit the accessory protein with sub-μM affinity, as demonstrated by surface plasmon 

resonance (SPR) [9]. No IL-1 cytokine has appreciable affinity for IL- 1RAcP on its own 

in the absence of its cognate receptor.  

Previous to the structural determination of these trimeric complexes, the precise 

orientation of the accessory protein to its respective binary complex was unknown, 

although attempts to discern its interaction with the binary complex was modelled [43]. 

Similar to its counterpart IL-1RI, the accessory protein is composed of three Ig-like 

domains whose D1/2 domains are juxtaposed to each other. As seen in figure 1.4B, 

however, the accessory protein binds with its backside to IL-1β/IL-1RI, making extensive 

contact with IL-1RI in the D2 domain and, to a lesser extent, to the D3 domain. D1 of the 

accessory protein is located far from the interface and makes no contacts with the binary 

complex (Figure 1.4A). The interface corresponding to site A and B in the primary 

receptors is not involved in binding the binary cytokine/receptor complex. As had been 

previously described in mutagenesis studies of IL-1β and IL-1Ra, the β4/5 and the β11/12 

loops of these cytokines were crucial for their opposing agonist/antagonist functions [44, 

45]. In subsequent SPR studies, IL-1Ra with loop swaps for IL-1β β4/5 and β11/12 
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rescued binding of the IL-1Ra/IL-1RI complex to the accessory protein, albeit with a 

lower affinity (i.e., μM) than the inherent sub-μM affinity the IL-1RAcP has for the IL-

1β/IL-1RI binary complex [9], providing a molecular mechanism by which agonist and 

antagonist cytokines of the IL-1 family function to either recruit IL-1RAcP or not, 

respectively.  

 
 

Figure 1.4: Structure of the IL-1β/IL-1RI/IL-1RAcP ternary complex.  

(A) Cartoon of IL- 1β/IL-1RI/IL-1RAcP ternary complex (pdb: 4dep). (B) Surface of IL-1RAcP 
with interface to binary complex labelled and colored according to its binding partner. (C) 
Cartoon of IL- 1RAcP and IL-1β/IL-1RI with residues involved in interface shown as sticks 
colored according to its binding partner.  
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1.6.2 IL-33 ternary complex: As both the IL-1b/IL-1RI and IL-33/ST2 binary structures 

described previously had high structural homology when aligned, it was originally 

thought that these complexes would recruit their shared accessory protein, IL-1RAcP, in 

a similar fashion [40]. When the X-ray crystal structure of the IL-33/ST2/IL-1RAcP was 

finally determined, however, the diverse ways in which IL-1 family cytokines could 

recruit IL-1RAcP were finally appreciated (Figure 1.5A) [46]. 

 
 

Figure 1.5: Structure of the IL-33/ST2/IL-1RAcP ternary complex.  

(A) Cartoon of IL- 33/ST2/IL-1RAcP ternary complex (pdb: 5vi4). (B) Surface of IL-1RAcP with 
interface to binary complex labelled and colored according to its binding partner. (C) Cartoon of 
IL- 1RAcP and IL-33/ST2 with residues involved in interface shown as sticks colored according 
to its binding partner.  
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There are many similarities between the two signaling-competent ternary 

complexes of IL-1β/IL-1RI/IL-1RAcP and IL-33/ST2/IL-1RAcP. Both ternary 

complexes contain the same overall structure, with an RMSD of 3.2 Å. Additionally, both 

binary complexes engage IL-1RAcP on the backside of IL-1RAcP, interacting with the 

D2 and D3 of the co-receptor. As with IL-1b, the β4/5 and β11/12 of IL-33 loops are at 

the interface with IL-1RAcP, with a buried surface area of 201 Å2 while having a 54 Å2 

buried surface area to ST2 (Figure 1.5B).  

These two binary complexes engage key regions of the IL-1RAcP differently, 

however. On IL-1RAcP, there exist four distinct areas that interact with both the IL-

1β/IL- 1RI and IL-33/ST2 binary complexes: the c2-d2 loop region, the hydrophobic 

patch, the linker region and the D3 region. The c2-d2 region is a loop connecting strands 

c and d in the D2 domain of the IL-1RAcP (Figure 1.4B & 1.5B). These strands exhibit 

conformational plasticity, a trait that allows them to interact with both binary complexes 

in distinct ways to accommodate their inherent differences. For both, however, there 

exists a network of hydrogen bonds that interacts with the respective binary complexes. 

The hydrophobic patch is a region on IL-1RAcP that makes hydrophobic interactions 

with both binary complexes. An important residue within the IL-1RAcP is Ile155, which 

engages both the cytokine and primary receptor in the case of IL-1β/Il-1RI through 

shared hydrophobicity and engages ST2 through van der Waals contacts to Asp175 of 

ST2. The linker region encompasses residues that reside between D2 and D3 of the IL-

1RAcP and engage both binary complexes through different composite surfaces. Lastly, 

the D3 region of the IL- 1RAcP engages both binary complexes differently. The D3 of 
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ST2 is rotated by 60 degrees around the long axis of the domain, thereby presenting a 

larger surface for the D3 of IL-1RAcP than for the IL-1β/IL-1R1 complex.  

There exist subtle differences in the overall domain positioning upon ternary 

complex formation as well. For IL-1β/IL-1RI, the D1/2 domain is rotated 3.7 degrees 

away from the interface with IL-1RAcP while the D3 domain rotated 6.6 degrees towards 

the interface, resulting in a 3 Å displacement of residues when compared to the binary 

complex. For IL-33/ST2, the D1/2 domain in contrast rotates towards the IL-1RAcP 

interface, while the D3 domain similarly rotated by 9 degrees towards the IL-1RAcP D3 

domain [46].  

To further elucidate key differences between the IL-1RI and ST2 ternary 

complexes, Gunther et al. conducted hydrogen-deuterium exchange coupled to mass 

spectrometry (HDX-MS) was conducted to assess intrinsic protein flexibility in the 

ternary complex [46]. For ST2, a major peptide fragment that differed in flexibility upon 

co-receptor binding was peptide 166-172ST2 that lay directly on a hydrophobic patch 

with the IL-1RAcP. Similarly, in the IL-1β/IL-1RI/IL-1RAcP ternary complex, fragment 

129-142IL-1RI, part of a hydrophobic patch, exhibited reduced flexibility, indicative of 

binding of IL-1RAcP [46].  

A key difference in the HDX-MS data that highlighted the intrinsic differences 

between recruitment of IL-1RAcP by the binary complex involved loops β4/5 and β11/12 

of the cytokine. The β4/5 and β11/12 loops of IL-1β make key interactions with the IL- 

1RAcP. IL-1Ra has differences within these loops that do not allow the recruitment of the 

IL-1RAcP for a functioning ternary complex. This importance does not translate to the 
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IL- 33 ternary structure, however. In the β11/12 regions, this loop was highly shielded 

from exchange in the IL-1β ternary complex; the overall exchange was half [46]. As both 

the β4/5 and β11/12 loops of IL-33 showed a large amount of exchange over a long-time 

scale, these areas are clearly not tightly engaged in the ternary structure.  

Through extensive alanine scanning mutagenesis, hotspots of IL-1RAcP 

recruitment for both IL-1β/IL-1RI and IL-33/ST2 were identified [46]. It was from these 

studies that inherent differences were highlighted between these respective binary 

complexes. IL-1RI displayed a narrow distribution of binding energy, localized to key 

residues; ST2 displayed a broader distribution of binding over more residues.  

Although interacting with the same key regions of IL-1RAcP, it is clear that there 

exist marked differences in the recruitment of the IL-1RAcP between the IL-1β and IL-33 

ternary complexes. While for IL-lβ/IL-1R1/IL-1RAcP, the cytokine is the main driving 

force in the interaction with the co-receptor, for IL-33/ST2/IL-1RAcP it is the primary 

receptor (Figure 1.6). In this case, the cytokine seemingly only arrests the primary 

receptor ST2 in a conformation that enables its interaction with IL-1RAcP [46].  
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Figure 1.6: IL-1RAcP Recruitment by IL-1β/IL-1RI and IL-33/ST2 binary complexes.  

(A) Cartoon of the differences inherent in IL-1RAcP recruitment by IL-1β/IL-1RI and IL- 33/ST2 
binary complexes.  

 

1.6.3 IL-18 ternary complex: The IL-18 ternary complex provided new insight into the 

function of IL-1 family members that do not share the IL-1RAcP [47]. The IL-18 ternary 

complex forms when the binary complex IL-18/IL-18Rα is recognized by the IL- 18Rβ 

secondary receptor (Figure 1.7A). As with other ternary complexes, the IL-18Rβ will not 

bind IL-18Rα prior to formation of the binary IL-18/IL-18Rα complex [48].  
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Figure 1.7: Structure of the IL-18/IL-18Rα/IL-18Rβ ternary complex.  

(A) Cartoon of IL- 18/IL-18Rα/IL-18Rβ ternary complex. (B) Surface of IL-18Rβ with interface 
to binary complex labelled and colored according to its binding partner. (C) Cartoon of IL-1RAcP 
and IL-18/IL-18Rα with residues involved in interface shown as sticks colored according to its 
binding partner.  

The overall architecture of the IL-18/IL-18Rα/IL-18Rβ structure is highly similar 

to that of the ternary complexes involving IL-1β. The cytokine binds the primary receptor 

and presents a shared surface for the secondary receptor. The secondary receptor is 

composed of three Ig-like domains, interacting with the binary complex through the D2 

and D3 domains. IL-18 binds IL-18Rα with a low nM affinity (20-40 nm), while the 

recruitment of the IL-18Rβ forms the larger ternary complex at high nM affinity [49].  
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This high affinity complex has multiple interactions with both the cytokine and 

the IL-18Rα chain. For the cytokine, there are 12 residues in the interface with the IL-

18Rβ chain, composing a buried surface area of 453 Å2. This constitutes 5.3% of the 

solvent accessible area of the cytokine. The entirety of this interface is composed of 

hydrogen bonds over those 15 residues on IL-18. For the IL-18Rβ, this interface is 

roughly 380 Å2 in size and is composed of 11 residues. This is reminiscent of IL-1β’s 

role in the formation of the IL-1 ternary complex with Il-1RAcP.  

IL-18Rα grasps IL-18 in a similar fashion to the IL-1β/IL-1RI binary complex 

and has a similar orientation of the accessory protein for the respective IL-18Rβ. On 

ternary complex formation, the binary complex does not change significantly, with an 

RMSD of 0.7 Å. Additionally, the co-receptor IL-18Rb adopts an orientation reminiscent 

of IL- 1RAcP in the IL-1b ternary complex. The RMSD between these ternary structures 

is 4.6 Å2.  

There are, however, major differences in the positions of the D2 and D3 domains 

to the IL-18Rβ in comparison the IL-1β ternary complex. IL-18Rα D2 supplies two loops 

at the interface of IL-18Rβ D2, namely B2 and E3, that interact together. In addition to 

electrostatic interactions seen in IL-1β/IL-1RAcP, the IL-18/18Rβ interface has aromatic 

interactions that contribute to the affinity of the ternary complex. The β4/5 loop of IL-18, 

however, does not interact with IL-18Rβ as it does within the IL-1β/IL-1RAcP 

interaction (Figure 1.7B).  

Recognition of the binary complex IL-18/IL-18Rα by IL-18Rβ is mediated by 

numerous interactions. In the crystal structure, Tyr212 of IL-18Rβ makes aromatic 
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interactions, most likely pi-stacking from a 3.4 Å distance, with IL-18 in a core concave 

area of the D2 interactions shared between IL-18 and IL-18Ra [47]. Overall, there are 14 

residues from IL-18Rα that interact with IL-18Rβ, resulting in a buried surface area of 

511 Å2. Conversely, 25 residues of IL-18Rβ recognize IL-18Rα, constituting an interface 

surface area of 802 Å2.  

Analysis of the interface size of the three ternary complex structures revealed that 

the size of the interface formed by the cytokine together with the primary receptor D1/2 

domains and secondary receptor is constant (~2000 Å2), while the overall interface size 

varies from about 2500 Å2 for IL-1β/IL-1RII/IL-1RAcP to over 3700 Å2 for IL-

33/ST2/IL- 1RAcP due to the different contribution by the primary receptor D3 domain 

[46]. In contrast, the interface in the IL-18 complex with its unique coreceptor IL- 18Rβ 

has the overall smallest interface between the secondary receptor and binary 

cytokine/primary receptor complex (2400 Å2). Although the supramolecular structures 

are inherently similar, their exist differences between the three known ternary structures.  

1.7 Physiological Mechanisms of IL-1 Signaling Inhibition 

As aberrant inflammation can lead to a myriad of pathological effects, regulation of these 

signaling systems is crucial for a functioning immune system. Dysregulated IL-1 

signaling can mediate numerous auto-inflammatory diseases [50]. There are several 

mechanisms to regulate IL-1 family signaling effectively (Figure 1.1). Within the IL-1 

family of cytokines, there exist antagonist cytokines (IL-1Ra & IL-36Ra), 

immunosuppressive cytokines (IL-37 & IL-38), decoy receptors (sST2 and IL-1RII) and 

the IL-18 binding protein (IL-18BP).  
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1.7.1 Antagonists and Immunosuppressive cytokines  

Antagonist cytokines function by binding the primary receptor and prohibiting the 

recruitment of the secondary receptor. This inhibits signaling by occupying the binding 

pocket of the primary receptor, thus not allowing an agonist cytokine the opportunity to 

bind. Antagonist cytokines within the IL-1 family include the IL-1 receptor antagonist 

(IL- 1Ra), whose cognate receptor is IL-1RI, and the IL-36 receptor antagonist (IL36Ra), 

whose cognate receptor is IL-36R.  

1.7.1.1 IL-1Ra: The IL-1Ra structure was solved to a resolution of 2.1 Å by X-ray 

crystallography in 1994 [51]. IL-1Ra is a 17 kDa polypeptide composed of 12 β-strands 

and two very short 3-10 helices, similar in architecture to IL-1α and IL-1β (Figure 1.8A) 

[4, 52].  
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Figure 1.8: Crystal structures of IL-1 family antagonists.  

(A) IL-1Ra bound to IL-1RI (pdb: 1IRA). Site A and Site B are enlarged to display the larger 
interface for Site A by IL- 1Ra than for Site B, contrary to the binding mechanism of IL-1β. (B) 
Crystal structure of Il-36Ra. (C) Crystal structure of IL36Ra aligned to crystal structure of Il-36γ.  
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IL-1Ra is an antagonist cytokine; it can occupy the binding pocket of IL-1RI 

without eliciting any downstream signaling [53, 54]. IL-1Ra is capable of binding IL-1RI 

with equal affinity to IL-1RI as IL-1β, thus competing with IL-1 signaling. IL-1Ra 

preferentially binds IL-1RI over IL-1RII, thus not binding the decoy receptor in what 

would be a non-productive mechanism of inhibition. As previously stated, IL-1β binds 

IL-1RI at two distinct sites, sites A and B. IL-1Ra, however, binds predominantly site A, 

as determined by extensive mutagenesis [55]. Differences also exist between Il-1β and 

IL-1Ra s in the β4/5 loops of the cytokines, key mediators of interaction with IL-1RAcP. 

The total RMSD of IL-1Ra and IL-1β is only 0.90 Å, however.  

1.7.1.2 IL-36Ra: Like IL-1Ra, IL-36Ra binds to its primary receptor and does not allow 

a functioning signaling complex to be formed [35]. To date, many studies have shown 

that IL-36Ra is able to inhibit IL-36γ stimulated NF-κB signaling [33, 38, 56]. The 

structure of murine IL- 36Ra was first published in 2003 to a resolution of 1.6 Å [57]. 

Like other cytokines within this family, IL-36Ra is composed of 12 β-strands that fold 

into a β-trefoil conformation (Figure 1.8B). The largest differences between IL-36γ and 

IL-36Ra were the β4/5 and β 11/12 loops (Figure 1.8C). To investigate the structural 

determinants of IL-36Ra, the loops from IL-36Ra were swapped into IL-36γ. In the case 

of β11/12, the inclusion of this loop from IL-36Ra into IL-36γ led to a 14-fold decrease 

in binding affinity and a 1000- fold decrease in activity during in vitro assays [38]. 

Swapping the β4/5 loops of IL-36Ra into IL-36γ led to a 10-fold decrease in signaling 

and only a slight decrease in binding affinity, highlighting that β4/5 loops may not make 

as crucial of interactions with the IL-1RAcP as does the β11/12 loops of IL-36γ.  
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1.7.1.3 IL-38: While the functional role of IL-38 continues to be elucidated, the structure 

has been deposited in the Protein Data Bank (PDB 5BOW). IL-38 was first cloned and 

added as a member for the IL-1 superfamily in 2001 [58]. It is associated with the clinical 

manifestations of systemic lupus erythematosus [59]. It is predominately expressed in the 

skin and in proliferating B cells. This cytokine lacks a signal peptide, is 152 AA in 

length, and does not contain any caspase-1 cleavage sites. Functionally, IL-38 inhibits 

Candida albicans-induced Th17 responses in PMBCs [60]. It has been suggested that IL-

38 acts through IL-36R in a fashion similar to IL- 36Ra, although low affinity binding to 

IL-1RI has also been reported [58, 60]. Moreover, a truncation variant lacking the first 19 

amino acids was reported to act through IL-1RAPL1 [61]. This N-terminal truncation 

would lead to a complete loss of beta strand 1 and part of beta strand 2 (Figure 1.9A), 

which likely leads to an unstable, misfolded and/or dysfunctional protein. How exactly 

IL-38 exerts its anti-inflammatory actions remains to be clarified, although it has been 

suggested IL-38 could recruit one of the inhibitory co-receptors of the IL-1 family, 

namely SIGGIR, TIGIRR1, and/or TIGIRR2 [62].  
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Figure 1.9: Inhibitory cytokine crystal structures.  

(A) IL-38 crystal structure (pdb: 5BOW) The truncation variant missing the first 19 amino acids 
can be visualized by the exclusion of the magenta portion of the protein. (B) Overlay of the IL-38 
crystal structure with IL-36Ra (pdb: 1md6). (C) IL-37 crystal structure (5HN1). (D) Homo-dimer 
crystal structure of IL-37 with a focus on the dimer interface.  
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As with the other cytokines within the IL-1 family, IL-38 shares certain canonical 

traits. It has 12 β-strands connected by 11 loops, organized into a β-trefoil configuration 

(Figure 1.9A). Based on sequence comparison, IL-38 is related to two other well-known 

antagonists, IL-1Ra and IL-36Ra, with sequence identities of 39% and 43%, respectively 

[60]. Comparison of their X-ray structures show that IL-38 has an RMSD of 1.23 Å to 

IL-1Ra and 0.96 Å to IL-36Ra. Superposition of IL-38 and IL-36Ra reveal that loop of 

β4/5, important for antagonism of IL-1Ra and IL-36Ra, is nearly identical to that of IL-

36Ra (Figure 1.9B), further indication of IL-38’s immunomodulatory role.  

1.7.1.4 IL-37: IL-37 was first identified within the IL-1 gene cluster in 2001 [63]. There 

are five isoforms of IL-37, IL-37a-e; IL-37b is the largest with five of the six exons from 

the locus [64]. IL-37 has proven to be a potent anti-inflammatory cytokine [65]. Like IL-

1β, it requires caspase 1 cleavage for activation. Transgenic expression of IL-37 

abrogates inflammation in the presence of endotoxin in mice that naturally lack IL-37 

[66]. Upon stimulation in RAW cells, IL- 37 was highly potent in reducing TNF, MIP-2, 

and IL-1α levels [64]. Functionally, IL-37 works in two distinct ways: by trafficking to 

the nucleus and blocking Smad3 activation after LPS stimulation, or by interacting with 

the receptor chain IL-18Rα and the single Ig domain receptor SIGIRR [67]. This was 

highlighted by the silencing of IL-18Rα and, ultimately, the reduction of the anti-

inflammatory properties of IL-37 [65]. Additionally, over-production of IL-37 protected 

mice from endo-toxemia, colitis, obesity and metabolic syndrome, spinal cord injury, and 

myocardialischemia [68].  
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In 2017, the structure of the cytokine domain of IL-37b, the best characterized 

isoform, was determined to 2.25 Å (Figure 1.9C) [67]. IL-37 crystallized as a homodimer 

(Figure 1.9D). This head-to-head dimer architecture is unique to the IL-1 family cytokine 

structures discussed, although IL-37 still retains its 12 β-strands and 3 helices to form the 

prototypical β-trefoil seen in IL-1 family cytokines. While IL-37 shares a common 

receptor IL-18Rα with IL-18, it is only 19% identical in sequence to IL-18. The RMSD 

of the Cα atoms between these two cytokines, however, is 1.64 Å [67].  

1.7.2 Decoy Receptors  

Three decoy receptors exist in the IL-1 family: IL-1RII, sST2 and IL-18BP. While these 

decoy receptors all mimic the primary receptor, the mechanisms by which they inhibit 

signaling differ.  

1.7.2.1 IL-1RII: IL-1α and IL-1β signaling may be inhibited in two ways, by the 

antagonist cytokine IL-1Ra (described above) and by the decoy receptor IL-1RII. IL-1RII 

is similar to IL-1RI, as it is composed extracellularly of three Ig-like domains and 

attached to the plasma membrane by a single transmembrane α-helix. IL-RII differs, 

however, in that it lacks an intracellular TIR domain (Figure 1.1D) [69]. As IL-1RII can 

bind IL-1 agonists, it subsequently may recruit the IL-1RAcP for the creation of the IL-1 

ternary complex. As both the cytoplasmic TIRs of the primary and secondary receptor are 

necessary for the initiation of a signaling cascade, no signaling can occur [70].  

1.7.2.2 sST2: sST2, like its membrane bound homolog ST2, is composed of three Ig-like 

domains. It differs, however, as it is not attached to the plasma membrane and, as the 
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name implies, is soluble. sST2 functions by sequestering free IL-33, thus not allowing it 

to bind cell-surface expressed ST2 and IL-1RAcP (Figure 1.1F). sST2 levels have been 

correlated with a number of disease states associated with a Th2 response, including 

systemic lupus erythematosus, asthma, idiopathic pulmonary fibrosis, and sepsis [71-74].  

1.7.2.3 IL-18BP: The IL-18 binding protein (IL-18BP) is a naturally occurring negative 

regulator of IL-18 signaling that sequesters free IL-18 and inhibits its binding to the 18Rα 

(Figure 1.1G). While IL-18BP is usually expressed in 20-fold higher amounts than IL-18, 

under certain inflammatory conditions, IL-18 may be in excess [75] IL-18BP was 

discovered when 500 liters of human urine was concentrated and subsequently passaged 

over an IL-18-agarose column [76]. IL-18BP was ultimately shown to abrogate the 

ability of IL-18 to induce a Th1 response in mice treated with LPS [76]. While a naturally 

produced negative-feedback mechanism within humans, IL-18BP has also been acquired 

by a multitude of poxviruses, including molluscum contagiosum virus (MCV) and 

orthopoxviruses [77].  

The structure of IL-18BP has been determined to 2 Å resolution [77]. IL-18BP 

has an Ig domain with two four-stranded β-sheets and two disulfides that hold the beta-

sandwich together (Figure 1.10A). When this complex structure is overlaid with the 

binary IL-18 receptor, it is evident that IL-18BP clearly adopts a binding mode 

resembling the D3 domain of IL-18Rα (Figure 1.10B). In its binding, it lies on top of β-

barrel of IL-18 and adds its hydrophobic residues to the binding pocket [77].  
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Figure 1.10: IL-18 sequestration by IL-18BP.  

(A) Crystal structure of IL-18 bound to IL- 18BP (pdb 3F62). (B) Overlay of IL-18/IL-18BP 
crystal structure with ternary IL-18/IL- 18Rα/IL-18Rβ to highlight IL-18BP resembling the D3 
domain of IL-18Rα. 

This complex has a buried surface of 1,930 Å2, as opposed to the 600 Å shared by 

IL-18 and site B of IL-18Ra [77]. This would allow both the human expressing the IL-

18BP or a virus that has hijacked this mechanism to downregulate IL- 18 induced IFN-γ 

production effectively.  

1.8 Therapeutics 

Dysregulation of IL-1 family signaling can result in myriad pathologies. As such, 

stemming the inflammatory signals inherent to agonists within the IL-1 superfamily of 

cytokines is an attractive therapeutic target. To date, numerous avenues of inhibiting IL-1 

family signaling have been explored.  
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1.8.1 Receptor Antagonists: One of the earliest therapeutics developed against IL-1 

signaling is Anakinra, the recombinant version of IL-1Ra and the first to get FDA 

approval (2001) [15, 78]. In an effort to enhance the therapeutic potency of IL-1Ra by 

leveraging the insight gained from the structures of the IL-1RI/1Ra and IL-1RI/IL-1β 

complexes, a chimera of IL-1β/IL-1Ra was designed that bound IL-1RI with an 85-fold 

increase in affinity (SPR) and ~100-fold increase in potency in vivo [13]. While the 

receptor antagonist has changes in the β4/5 and β11/12 loops of the cytokine, it 

preferentially binds site A while not binding site B, a contributing factor to its inability to 

make a functioning signaling complex. In contrast, IL-1β engages both sites A and B, but 

compared to IL-1Ra has a lower affinity for site A. Through rational protein engineering 

derived from structural knowledge gained from these binary complexes, the authors 

combined site A of IL-1Ra with site B of IL-1β to create a novel antagonist, EBI- 005 

[13, 15]. The disassociation constant to IL-1RI of this chimera was 6.3 x 10-6 s-1 

compared to 3.0 x 10-5 s-1 for IL-1Ra, leading to a theoretical half-life of 31h and 6.4h, 

respectively [13]. This potency was recapitulated in vivo, resulting in a 100-fold increase 

in potency of EBI-005 as compared to IL-1Ra [13]. While these were not consecutive 

amino acid substitutions in the primary structure, these residues lie next to each other 

three dimensionally upon the axis of the β-trefoil (Figure 1.11A).  
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Figure 1.11: Therapeutics.  

(A) Crystal structure of Chimera EBI-005. (A) Top: overlay of IL-1Ra (red) and EBI:005 chimera 
(pink/portion of binding Site A); Middle: overlay of IL-1Ra/EBI:005/IL-1β; Bottom: Overlay of 
IL-1β (green) and EBI:005 chimera (lime/portion of binding Site B). (B) Rilonacept cartoon with 
respective components labelled. (C) Crystal structure of IL-1α bound of SL1067 aptamer (pdb: 
5uc6). (D) Overlay of IL-1α/SL1067 and structeduroure IL-1β/IL-1RI (pdb: 1itb). 
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1.8.2 Decoy Receptors: As described above, there are three naturally occurring decoy 

receptors in the IL-1 superfamily: IL-1RII, sST2 and IL-18BP [3]. In addition, it has been 

found that a soluble version of IL-1RI may exist, as evidenced by Raji cells stimulated by 

dexamethasone increased surface expression of IL-1RI and, ultimately, release of a 

soluble version of IL-1RI [79]. While a soluble version of IL-1RI had been tested in 

clinical trials for graft versus host disease (GVHD), human immunodeficiency virus 

(HIV) and rheumatoid arthritis (RA), however, those studies were halted as no 

therapeutic benefit was observed. It was hypothesized that soluble IL-1RI preferentially 

bound to IL-1Ra and thus negated any gains that might have been seen by its anti-

inflammatory properties [15].  

A unique solution to the soluble receptor problem was the idea of cytokine traps, 

most notably the fusion peptide Rilonacept (trade name Arcalyst, Regeneron 

Pharmaceuticals) [80, 81]. Rilonacept is the inline fusion protein of IL-1RAcP, IL-1RI 

and IgG-Fc creating homodimers containing two IL-1RAcP and IL-1RI molecules 

(Figure 1.11B). In addition to its ability to neutralize IL-1 signaling by acting as a decoy 

receptor, cytokine traps configured in this way have the added benefit of increased 

therapeutic half-life due to its fusion to an IgG Fc region [81].  

1.8.3 DNA Aptamers: A more recent approach to countering inflammatory diseases 

resulting from IL-1 signaling has been the use of DNA aptamers (from the Latin “aptus”, 

fit; and the Greek “meros”, part), which are oligonucleotide fragments that can bind 

protein targets. The DNA aptamer SL1067 binds IL-1α and disrupts its ability to bind to 

its cognate receptor IL-1RI (Figure 1.11C) [82]. The SL1067/IL-1α interface is composed 
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predominately of hydrophobic moieties on both the cytokine and the aptamer, with the 

addition of π-interactions between amino acids and nucleotides. SL1067 binds on the 

surface of IL-1α that interacts with D3 of the IL-1RI. While a crystal structure of the IL- 

1α/IL-1RI binary complex has not been published to date, the RMSD between IL-1α and 

IL-1β is 1.56 Å and thus can be superimposed to the IL-1β/IL-1RI binary complex for 

visualization (Figure 1.11D), indicating its mechanism of action [82].  

1.8.4 Peptides: While naturally occurring receptor antagonists work well at abrogating 

IL-1 signaling, an early goal of the field was to discover lower molecular weight 

antagonist peptides that could be delivered orally to patients. As early as 1996, numerous 

peptides that inhibited IL-1RI signaling had been discovered by phage display [83]. One 

such peptide, AF10847, was crystalized with IL-1RI to determine its mechanism of 

antagonism [84], showing that this peptide bound site A of IL-1RI and induced a 

conformational change in the receptor that renders it incapable of cytokine binding. 

Indeed, binding site B swung ~170 degrees away from the orientation of IL-1b binding, 

thus not allowing agonist binding and at the same time demonstrating the flexibility of 

the D3 domain in respect to D1/2 [84].  

1.8.5 Antibodies: An early solution to aberrant IL-1 family signaling by agonist 

cytokines was the development of neutralizing antibodies to these potent mediators of 

inflammation. AMG108 is currently an antibody licensed to AstraZeneca and targets IL-

1RI. It has been shown that this antibody can block IL-1 mediated signaling and is 

efficacious in the treatment of osteoarthritis [85]. More commonly, monoclonal 

antibodies have been made against agonist cytokines, such as IL-1α and IL-1β, to stem 
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aberrant inflammatory signaling. While there are currently multiple disease states that 

anti-IL-1β antibodies are being used against, Canakinumab was approved by the FDA for 

the treatment of cryopyrin-associated periodic syndromes (CAPS) in 2009 [15]. This 

methodology has also been applied to IL-1α, as with the case of MABp1, a mAb 

targeting refractory cancers [86]. As inflammation is responsible for a number of 

pleiotropic disease states, antibodies against IL-1 family signaling is an attractive target. 

As there exists numerous pharmaceutical antibodies at various stages of development, the 

entirety of the known repertoire will not be addressed in this chapter.   

1.9 Future Perspectives & Conclusion 

There remains much to be learned within the IL-1 family. No binary or ternary structures 

involving IL-36 cytokines have been determined at any resolution. As such, the 

interaction of IL-36 with its primary receptor and recruitment of IL-1RAcP remains 

poorly understood. As was learned with IL-1 and IL-33, an altogether unique mode of IL-

1RAcP interaction may yet exist for IL-36 agonist cytokines. In addition, the precise 

mechanisms of IL-37 and IL-38 remain to be determined. IL-37 supposedly has a novel 

mechanism of negative regulation of itself, dimerizing above a certain concentration 

threshold [67]. This could prove particularly difficult for solving a ternary complex of IL-

37 by crystallography as reaching metastable concentrations of the respective 

components might prevent ternary complex formation. While preliminary data has been 

published concerning its function and primary receptor, high resolution data addressing 

its dependence on IL-18Rα and SIGIRR are yet missing.  
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There are two more orphan receptors in the IL-1 family, IL-1 receptor accessory 

protein like (IL-1RAPL) 1 and 2. Based on structural similarity, they are grouped with 

IL- 1RAcP [87]. No immunological function has yet been attributed to them. Instead, 

they were shown to play an important role in the neuronal system in trans- synaptic 

signaling [88]. The ectodomain of IL-1RAPL1 binds the ectodomain of protein tyrosin 

phosphatase receptor δ (PTPRδ). Additionally, IL-1RAcP was shown to facilitate trans-

synaptic signaling in a similar way [89]. Crystal structures of both IL-1 family receptors 

with PTPRδ revealed that mainly the D1 domain of both IL-1AcP and IL-1RL1 was 

engaged by PTPRδ [87]. Why IL-1RAcP functions in both the immune and nervous 

systems remains unclear. Notably, there is a unique isoform of IL-1RAcP only found in 

the nervous system [90].  

Beyond the extracellular domains of IL-1 family receptors, the particulars of the 

intracellular signaling cascade remain somewhat of a mystery in regard to their actual 

mechanistic interactions with other TIRs, such as MyD88. Cytoplasmically, receptors of 

the IL-1 family are attached to TIR domains through a single trans-membrane helix. 

Analogous to the Toll-Like-Receptor (TLR) TIR domains, these mediators bind several 

cytoplasmic molecules to initiate intracellular signaling. To date, the structure of only a 

single TIR domain from the IL-1 family has been solved. The first IL-1 family TIR 

domain structure determined was a homo-dimer of IL-1 receptor accessory protein like 1 

(IL- 1RAPL1) in 2004 [91]. As there are significant differences in both sequence identity 

and structural similarity to other known TIR domains, namely the TLR TIR domains, it 

suggests that TIR structural diversity allows for the diverse signal transduction that can 

occur. In coming years, IL-1 family TIR domain structural studies could provide a 
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fruitful avenue of research for the field. As was learned through the ectodomains of these 

receptors, the differences inherent to the TIRs mediate their action and could prove 

attractive therapeutic targets.  

Structural biology has added a wealth of information to the molecular 

mechanisms of IL-1 family signaling. To date, three high-resolution ternary complexes 

have been determined by X-ray crystallography: IL-1β/IL-1R1/IL-1RAcP, IL-33/ST2/IL-

1RAcP, and Il-18/IL-18Rα/IL-18Rβ. Through these structures, the distinctive structural 

and functional properties of each respective ternary complex have been elucidated. As 

such, new avenues of antibody therapy are now clear. As previously stated, both IL-1β 

and IL-33 binary complexes recruit the IL-1RAcP secondary receptor differently. By 

targeting different solvent accessible features of IL-1RAcP, and thus different interface 

residues, selective inhibition of IL-1 family signaling cascades might be achieved. This 

could be especially useful for IL-33 as no natural antagonist cytokine exists for the 

primary receptor.  

The field’s structural biology knowledge can be leveraged in other ways as well. 

In addition to antagonist cytokines, it is possible to use low molecular weight peptides 

that bind the primary receptor and act as antagonists [84]. The flexibility of the D3 

domain with respect to D1/2 has been shown experimentally [40] as well as theoretically 

[92, 93]. By using the inherent flexibility of the primary receptor by holding the primary 

receptor in a non-amenable conformation for cytokine binding, IL-1 family signaling can 

be ablated.  
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IL-1 family signaling is an instrumental component of an inflammatory response, 

ultimately helping to orchestrate both innate and adaptive immunity to fight a myriad of 

pathogens. Conversely, aberrant signaling within these systems can lead to a host of auto-

inflammatory disease states. By employing methods in structural biology, a wealth of 

information has been gained concerning how these receptor complexes function and the 

particulars of each subfamily system. Through the knowledge that has and will continue 

to be learned through structural biology, it will be possible to fully understand these 

member systems and, feasibly, harness it for our therapeutic benefit.  

1.10 Specific Aims 
 
1.10.1 Specific Aim 1: Selective Cytokine Inhibition through Epitope Targeting by 
Antibodies 

IL-1 family of cytokines have been implicated in a multitude of inflammatory syndromes, 

autoimmune diseases, and cancers. These diseases include systemic inflammatory 

diseases such as macrophage activation syndrome and Still’s disease; joint and muscle 

diseases such as rheumatoid arthritis (RA), osteomyelitis, and osteoarthritis; hereditary 

autoinflammatory conditions such as cryopyrin associated periodic syndrome (CAPS) 

and familial Mediterranean fever (FMF); systemic inflammatory diseases including 

macrophage activation syndrome and Still’s disease; as well as common diseases such as 

type 2 diabetes, Gout, Hidradenitis suppurativa, and cancer [15]. Due to this, blocking IL-

1 family signaling is an established and growing therapeutic strategy.  

Although the presence of inflammatory IL-1 signaling has long been recorded in 

cancers, its role continues to be elucidated [94]. In 2010, IL-1RAcP, the co-receptor for 

IL-1 signaling, was reported as a biomarker for chronic myeloid leukemia (CML) [95]. 
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Shortly thereafter, this finding was extended to acute myeloid leukemia (AML) [96]. 

Prior to this, no surface marker existed to differentiate normal hematopoietic stem cells 

(HSCs) from AML and CML cells. Although the function of IL-1RAcP on AML and 

CML cells continues to be explored, IL-1 signaling has shown to help AML and CML 

cells proliferate. This proliferation can be attenuated by the addition of IL-1Ra [97]. 

Antibodies were subsequently raised by a pharmaceutical group, Cantargia AB, 

against IL-1RAcP as a putative cancer treatment for AML and CML. The anti-IL-1RAcP 

antibody CAN04 showed strong anti-leukemic effect in vivo by targeting cancer cells 

through antibody dependent cellular cytotoxicity (ADCC) [95, 98]. Additionally, it was 

shown that CAN04 reduced proliferation of AML and CML cells by limiting IL-1 

signaling [99]. CAN03, also an anti-IL-1RAcP antibody, was developed as a backup 

candidate to CAN04.  

Antibodies targeting a shared IL-1 family receptor raise interesting questions, 

however. Despite recruitment of the same co-receptor, IL-1 and IL-33 signaling 

complexes interact with IL- 1RAcP differently. When IL-1𝛽 binds to its primary receptor 

IL-1RI, the cytokine contributes binding energy to the composite surface presented to IL-

1RAcP. In contrast, IL-33 holds its primary receptor ST2 in a conformation amenable to 

IL-1RAcP recruitment and makes little contact with IL-1RAcP itself [46]. Due to this, 

IL-1 and IL-33 cytokine/primary receptor complexes recruit IL-1RAcP through distinct 

mechanisms and utilize this shared receptor in different ways. What, then, effect will 

CAN03 and CAN04 have on cytokine signaling? By leveraging structural knowledge of 
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IL-1 family signaling complexes, we hypothesize that anti-IL- 1RAcP antibodies will 

selectively inhibit IL-1 or IL-33 signaling based on their specific epitopes.   

Ultimately, we determine the epitopes of CAN03 and CAN04 and elucidate their 

selective cytokine signaling inhibition of IL-1 versus IL-33. Through these findings, we 

display the feasibility of targeting a shared receptor to selectively inhibit cytokine 

signaling based on their particular epitopes. In addition, we also identify an inhibitor to 

IL-1 signaling more potent than IL-1Ra (Anakinra), the gold standard of IL-1 inhibition.  

1.10.2 Specific Aim 2: The generation of IL-33 Therapeutics 
 

Interleukin-33 (IL-33), the newest member of the IL-1 family of cytokines, was 

discovered in 2005 and quickly shown to be an integral part of a T-helper 2 (Th2) 

response [3]. Biologically, IL-33 acts as an alarmin and is released from endothelial or 

epithelial barrier cells after necrotic cells death. While critical in orchestrating an immune 

response against extracellular pathogens, such as helminths and some viruses, the type 2 

(pro-allergic) immune response that occurs with IL-33 release can lead to airway hyper-

responsiveness and airway remodeling, hallmarks of lung diseases that include asthma 

and chronic obstructive pulmonary disease (COPD).  

Currently, an estimated 10% of the population of the United States and 300 

million people worldwide are affected by asthma. This condition is characterized by 

airway hyperresponsiveness (AHR) and inflammation, mediated by a generalized Th2 

response. A wide array of evidence has linked IL-33 as a central mediator of these 



 
 

47 

respiratory disorders [27, 100-105]. Due to this, targeting IL-33 therapeutically is of 

pressing importance and concern.  

Developing an IL-33 therapeutic is difficult for many reasons, however. For one, 

the affinity of IL-33 to its primary receptor ST2 is extremely high (sub-nm), making it 

difficult to develop a fully neutralizing antibody. Second, unlike IL-1 or IL-36 signaling, 

no antagonist cytokine exists to dampen IL-33 signaling. Instead, a spliced isoform of the 

primary receptor ST2 exists in soluble form, colloquially known as soluble ST2 (sST2).  

To overcome the limitations of designing a classical IL-33 therapeutic, we 

hypothesize that we can use structure guided protein design as a tool to create our 

own therapeutics based on the high affinity IL-33 has for its primary receptor and, 

subsequently, secondary receptor. Ultimately, we developed a library of our own 

putative therapeutics through the combination of two technologies: Fc-fused receptors 

and heterodimeric Fcs. By using the receptor ST2 in our design, we leveraged the 

intrinsically high affinity that IL-33 has for its primary receptor. In addition, we included 

the receptor IL-1RAcP in one construct to impart the stability provided by the secondary 

receptor in ternary complex formation. To overcome the relatively short therapeutic half-

life of protein therapeutics, we fused these receptors to fragment crystallizable (Fc) 

molecules to utilize IgG recycling. 

In our studies, we found that two antagonists were three-fold more potent than 

sST2 at IL-33 inhibition in our cellular assays. Additionally, through biophysical 

investigation, we determined the strengths, weakness, and modes of action for the 

individual constructs in our library. Altogether, the further development of these 
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molecules may provide another tool to stem the inflammatory signaling inherent to IL-1 

family cytokines. 
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Chapter 2: Molecular basis of selective cytokine signaling 
inhibition by antibodies targeting a shared receptor 
 
2.1 Abstract: 
 
Interleukin-1 (IL-1) family cytokines are potent mediators of inflammation, acting to 

coordinate local and systemic immune responses to a wide range of stimuli. Aberrant 

signaling by IL-1 family cytokine members, however, is linked to myriad inflammatory 

syndromes, autoimmune conditions and cancers. As such, blocking the inflammatory 

signals inherent to IL-1 family signaling is an established and expanding therapeutic 

strategy. While several FDA-approved IL-1 inhibitors exist, including an Fc fusion 

protein, a neutralizing antibody, and an antagonist cytokine, none specifically targets the 

co-receptor IL-1 receptor accessory protein (IL-1RAcP). Most IL-1 family cytokines 

form productive signaling complexes by binding first to their cognate receptors – IL-1RI 

for IL-1α and IL-1β; ST2 for IL-33; and IL-36R for IL-36α, IL-36β and IL-36γ – after 

which they recruit the shared secondary receptor IL-1RAcP to form a ternary 

cytokine/receptor/co-receptor complex. Recently, IL-1RAcP was identified as a 

biomarker for both AML and CML. IL-1RAcP has also been implicated in tumor 

progression in solid tumors and an anti-IL1RAP antibody (nadunolimab, CAN04) is in 

phase II clinical studies in pancreatic cancer and non-small cell lung cancer 

(NCT03267316). As IL-1RAcP is common to all of the abovementioned IL-1 family 

cytokines, targeting this co-receptor raises the possibility of selective signaling inhibition 

for different IL-1 family cytokines. Indeed, previous studies of IL-1β and IL-33 signaling 

complexes have revealed that these cytokines employ distinct mechanisms of IL-1RAcP 

recruitment even though their overall cytokine/receptor/co-receptor complexes are 
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structurally similar. Here, using functional, biophysical, and structural analyses, we show 

that antibodies specific for IL-1RAcP can differentially block signaling by IL-1 family 

cytokines depending on the distinct IL-1RAcP epitopes that they engage. Our results 

indicate that targeting a shared cytokine receptor is a viable therapeutic strategy for 

selective cytokine signaling inhibition.  
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2.2 Introduction 
 
Interleukin-1 (IL-1), a critical regulator of inflammation and pro-inflammatory cytokine 

of the IL-1 superfamily, has long been known to play a role in inflammatory syndromes, 

autoimmune diseases, and cancers [3, 5, 94, 106-108]. Due to the vast number of organs 

and cells that IL-1 affects, from the thalamus to T lymphocytes, it is unsurprising that the 

list of IL-1-mediated syndromes is long, including joint and muscle diseases, such as 

rheumatoid arthritis (RA), osteoarthritis, and osteomyelitis; hereditary autoinflammatory 

conditions such as familial Mediterranean fever (FMF) and cryopyrin associated periodic 

syndrome (CAPS); systemic inflammatory diseases including macrophage activation 

syndrome and Still’s disease; as well as common diseases including Gout, type 2 

diabetes, Hidradenitis suppurativa, and cancer. [15, 95]. Importantly, it has been shown 

that blocking IL-1 signaling leads to a reduction and/or reversal of many IL-1-mediated 

diseases [109-114].  

 Inflammatory IL-1 signaling is a stepwise process regulated at multiple levels, from gene 

expression to the inhibitory actions of antagonist cytokines and decoy receptors [5]. First, 

IL-1 binds with high affinity to its primary receptor interleukin-1 receptor 1 (IL-1RI). 

Next, the cytokine/receptor complex (IL-1/IL-1RI) recruits the common co-receptor 

Interleukin-1 receptor accessory protein (IL-1RAcP). As this ternary complex (IL-1/IL-

1RI/IL-1RAcP) forms, Toll/Interleukin-1 receptor (TIR) domains, attached through 

single transmembrane helices to each receptor, engage one another intracellularly, 

initiating a potent signaling cascade. Blocking this inflammatory signal at the 

cytokine/receptor level is currently the most common and effective therapeutic strategy. 
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 So far, only three IL-1 targeting therapeutics are licensed for widespread use: Anakinra, 

the natural IL-1 antagonist; Rilonacept, an Fc-fused decoy receptor; and Canakinumab, 

an IL-1β neutralizing antibody. While Anakinra is the gold-standard for treating IL-1 

mediated diseases, its 4- to 6-hour therapeutic half-life and daily injection schedule 

makes it less than ideal for long term treatment. Rilonacept must also be administered on 

a weekly schedule. Indeed, there is pressing need for additional IL-1 therapeutics with 

longer half-lives, such as canonical IgG molecules. The efficacy of Canakinumab, one 

such molecule, in a multitude of syndromes is supportive of this idea. To date, a receptor 

targeting antibody to block IL-1 signaling is not in wide use for IL-1-mediated diseases.  

 Within the IL-1 family of cytokines, of which there are seven agonist cytokines, both IL-

1 and IL-33 share a common co-receptor: IL-1RAcP. While IL-1RAcP is primarily 

implicated in innate and adaptive immunity, this receptor was reported as a biomarker for 

chronic myeloid leukemia (CML) stem cells in 2010 [95]. Prior to this finding, no cell 

surface marker existed that permitted the separation of normal hematopoietic stem cells 

(HSCs) and CML cells [95]. The discovery of IL-1RAcP over-expression was extended 

to acute myeloid leukemia (AML) in 2012 [96]. Although the function of IL-1RAcP on 

AML and CML cells is still being investigated, IL-1 signaling has been shown to help 

AML and CML cells proliferate. Conversely, this proliferation is mitigated by the 

administration of the IL-1 receptor antagonist (IL-1Ra) [97, 115, 116].  

 Antibodies were subsequently raised against IL-1RAcP and tested for therapeutic benefit 

against AML and CML in xenograft mouse models [99, 117]. The IL-1RAcP-specific 

antibody CAN04, previously referred to as mAb3F8, exhibits strong antileukemic effect 

in vivo. CAN04 targets AML and CML cells for destruction through antibody-dependent 
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cellular cytotoxicity (ADCC) [95, 98]. In addition, CAN04 is able to suppress AML and 

CML cell proliferation through the targeting of IL-1RAcP and subsequent blocking of IL-

1 [99, 117].  CAN03, a second IL-1RAcP specific antibody, was developed as a backup 

candidate to CAN04.  

 Targeting a shared co-receptor in order to inhibit signaling, however, raises the question 

as to the antibody’s effect on signaling by the diverse members of the IL-1 cytokine 

family: If an antibody targets a shared IL-1 family signaling co-receptor, will it inhibit 

just IL-1? Or will it also affect IL-33 signaling? And, what is the feasibility of targeting a 

shared co-receptor to selectively inhibit signaling by cytokines that require the same co-

receptor? Here, we show that the inhibitory potency and cytokine specificity of an anti-

IL-1RAcP antibody depends predominantly on the location and composition of its 

epitope on the IL-1RAcP co-receptor. Using a range of functional, structural, and 

biophysical analyses, we provide the molecular basis for how two anti-IL-1RAcP 

antibodies, CAN03 and CAN04, exert distinct potencies in IL-1β inhibition while both 

preferentially inhibit IL-1β versus IL-33 signaling.  
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2.3 Materials and Methods  
 
Protein Expression and Purification  

All cytokines, antagonist cytokines, and soluble receptors were cloned, expressed, and 

purified as described in Günther et al. [46]. Briefly, proteins were purified by 

immobilized metal affinity chromatography (IMAC; HisPur NiNTA resin, ThermoFisher 

Scientific). The His-tag was removed by Tobacco Etch Virus (TEV) protease digestion 

and untagged cytokines were further purified by reverse NiNTA purification. IL-1RAcP 

was expressed by transiently transfecting HEK293T cells. After transfection using PEI 

(350ug PEI per 112ng DNA), cells were cultured for 84hr in FreeStyle F17 medium, 

supplemented with glutamax (1/100) and geneticin (1/1000). For the generation of a 

high-mannose variant of IL-1RAcP, Freestyle F17 medium was supplemented with 

kifunensine (1ug/mL). Proteins were purified from the supernatant using IMAC (HisTrap 

Excel, GE Healthcare). For deglycosylated variants, high-mannose IL-1RAcP glycans 

were cleaved using Endoglycosidase A (EndoA). Lastly, proteins were purified by size-

exclusion chromatography (SEC) in 20mM HEPES, 150mM NaCl, pH 7.4 (cytokines 

using Superdex 75 and receptors using Superdex200, prep grade media, GE Healthcare). 

In addition, all cytokine purifications contained 2mM DTT. The antibodies CAN03 and 

CAN04 (murine IgG2a) were provided by Cantargia AB. Fabs were obtained by papain 

(ThermoFisher Scientific: cat20341) digestion of full length CAN03 and CAN04, 

followed by a subsequent reverse protein A purification and a Superdex 75 SEC column.  

 

Surface Plasmon Resonance  
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Affinities and kinetic parameters of protein-protein interactions were measured by 

surface plasmon resonance (SPR) analysis using a Biacore T100 biosensor (GE 

Healthcare). 2000 response units (RU) of Protein A from Staphylococcus aureus (Sigma 

Aldrich) were immobilized on all channels of a CM5 sensor chip. Approximately 200 RU 

of antibodies CAN03 and CAN04 were directly captured on flow cell 2. IL-1RAcP was 

then used as the analyte and titrated over flow cells 1 & 2 in two-fold dilutions. 

Sensorgrams were double-referenced against the control flow cell and buffer injections. 

Data were fit to a 1:1 binding model using Biacore T100 Evaluation Software.  

 

Cell-based signaling inhibition  

To measure the potency of the antagonists and antibodies, HEK293T cells were 

transiently transfected with a luciferase gene (nano-luc, plasmid pNL2.2, Promega) under 

the control of the IL-8 promoter [35]. For measurement of IL-1β activity, only the 

reporter gene was transfected into the cells since IL-1RAcP and IL-1RI are endogenously 

expressed by HEK293T cells [118]. For measurement of IL-33 activity, both the reporter 

gene and the full-length ST2 gene were transfected (with a mass ratio of reporter to 

receptor plasmid of 25:1). 18hr after transfection, cells were harvested and seeded into 

96-well plates at a concentration of 40,000 cells/well. Cells were stimulated with 5 pM 

IL-33 or 100 pM IL-1β. These concentrations were shown to activate IL-33 and IL-1 

signaling to 90% of full activation. After 5 hr stimulation at 37C, cells were lysed and 

luciferase activity was determined using a Veritas luminescence reader (Promega). As a 

negative control, luciferase activity without cytokine stimulation was measured. 

 



 
 

56 

Hydrogen-Deuterium Exchange Coupled to Mass Spectrometry (HDX-MS) 

Peptide identification and coverage maps for IL-1RAcP, CAN03, and CAN04 were 

obtained from undeuterated controls as follows: 1 µL of 20 µM protein in 20 mM HEPES 

pH 7.4, 150 mM NaCl was diluted with 19 µL of ice cold quench (50 mM Glycine pH 

2.4, 6.8 M Guanidine-HCl, 100mM TCEP) for 1 min prior to dilution with 180 µL of 

Buffer A (0.1% formic acid) and injection into a Waters HDX nanoAcquity UPLC 

(Waters, Milford, MA) with in-line protease XIII/pepsin digestion (NovaBioAssays). 

Peptic fragments were trapped on an Acquity UPLC BEH C18 peptide trap and separated 

on an Acquity UPLC BEH C18 column. A 7 min, 5% to 35% acetonitrile (0.1% formic 

acid) gradient was used to elute peptides directly into a Waters Synapt G2-Si mass 

spectrometer (Waters, Milford, MA). MS data were acquired with a 20 to 30 V ramp trap 

CE for high energy acquisition of product ions as well as continuous lock mass (Leu-

Enk) for mass accuracy correction. Peptides were identified using the ProteinLynx Global 

Server 3.0.3 (PLGS) from Waters. Further filtering of 0.3 fragments per residues was 

applied in DynamX 3.0. 

For each protein and complex, the HD exchange reactions were acquired using a 

LEAP autosampler controlled by Chronos software. The reactions were performed as 

follows: 2 µL of protein was incubated in 18 µL of 20 mM HEPES 99.99% D2O, pD 7.4, 

150 mM NaCl.  The following protein concentrations were used: 20 µM CAN03, 20 µM 

CAN04, 20 µM IL-1RAcp, 8.5 µM CAN03/IL-1RAcp complex and 8.5 µM CAN04/IL-

1RAcP complex.  All reactions were performed at 25°C. Prior to injection, deuteration 

reactions were quenched at various times (10 sec, 1 min, 10 min, 1 hr and 2hr) with 60 

µL of 50 mM Glycine buffer pH 2.4, 6.8 M Guanidine-HCl, 100 mM TCEP for 3 minutes 
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prior to dilution with 200 µL of Buffer A. Subsequently, 250 µL of sample was injected 

and LC/MS acquisition performed as for the undeuterated controls. All deuteration time 

points were acquired in triplicate. Spectral curation, centroid calculation and deuterium 

uptake for all identified peptides with increasing deuterium incubation time were 

performed using Water’s DynamX 3.0 software.  

 

Molecular modeling of antibody-IL-1RAcP complexes  

Docking poses were generated between the receptor IL-1RAcP (pdb: 4DEP) and the Fv 

regions of CAN03 and CAN04 (modeled using ABodyBuilder Fv prediction) [119]. 

Models of the docked structures, IL-1RAcP to CAN03 and IL1-RAcP to CAN04, were 

generated using the PatchDock web server [120]. For each docking simulation, the likely 

binding region for each receptor and ligand, as determined by the HDX-MS data, were 

added as a scoring parameter to PatchDock. The clustering RMSD was set to the default 

4Å. For each simulation, the top 100 poses were extracted. For each docked system, 

poses were analyzed for CDR usage, IL-1RAcP binding, and alanine scan data. The top 

two poses for each docking pair were selected for HDX modeling. HDX modeling was 

performed using the ‘calc-HDX’ function of the HDXer tool with the given docked 

structure as input [121]. To calculate deuterium uptake, the Best & Vendruscolo 

phenomenological equation (Eq. 1) was used to calculate protection factors at individual 

backbone amide hydrogen through the course of a given simulation [122]. 

ln(𝑃!) = 	 〈𝛽"𝑁",! +	𝛽$𝑁$,!〉      (1) 

The protection factor (𝑃!) at residue i is the ensemble average of the sum of the number 

of non-hydrogen atoms within 6.5 Å of the backbone Nitrogen atom of the residue (𝑁",!) 
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multiplied by a scaling factor (𝛽") and the number of hydrogen bonds with the backbone 

amide hydrogen of the residues (𝑁$,!)	multiplied by a scaling factor (𝛽$). In the 

calculation of  (𝑁",!), the non-hydrogen atoms of the neighboring two residues on each 

side of the residue were omitted. Scaling factors of 0.35 and 2.0 were used for 𝛽"  and 

(𝛽$) respectively. Protection factors were then used to calculate peptide level deuterium 

fractional uptake (𝐷%,&'!() as a function of time point (t) of exchange (Eq. 2): 

𝐷%,&'!( =	
∑ 1 − exp	(−𝑘!

!)&

𝑃!
!*)!
!*(!+,

𝑡)

𝑛% −𝑚%
		(2) 

Where mj and nj are the starting and ending residue number of the ith peptide and are 

chosen to match the experimental peptide segments observed in HDX-MS. Prolines, 

which do not have a backbone amide hydrogen, and the first residue of each segment 

were omitted from the calculations. The empirically determined intrinsic rate of 

exchange, kint was then obtained [123]. In order to compare to the experimental data, the 

deuterium fractional uptake (𝐷%,&'!() was transformed to deuterium uptake by multiplying 

𝐷%,&'!(  by the maximum theoretical number of exchangeable amide hydrogens. Difference 

plots for the modeled HDX were created for each pose by subtracting the modeled HDX 

exchange of the apo IL-1RAcP structure from the HDX exchange of the bound IL-

1RAcP. RMSD values between the experimentally derived difference plots and the 

modeled different plots were then calculated (Eq. 3):  

𝑅𝑀𝑆𝐷 = 	>
∑ (𝑥,,& − 𝑥-,&).
&*,

𝑇 					(3) 

where t is an individual time point, x1 is the modeled data point, x2 is the experimental 

data point, and T is the total number of time points.  
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ELISA Measurements in Chimeric IL-1RAcP Binding Studies 

Microtiter plates were coated with 100 ng of mouse, human or chimeric mouse/human 

IL-1RAcP (100 µl/well) diluted in 0.01 M PBS, pH 7.4, and incubated overnight at 4°C. 

Plates were washed with ELISA washing buffer (0.01 M PBS, 0.05% Tween 20, pH 7.4) 

followed by a blocking step using 150 µl/well of ELISA blocking solution (PBS, 0.5% 

BSA, 0.05% Tween 20, pH 7.4). After one hour incubation at room temperature on 

agitation the plates were washed again using ELISA washing buffer. A series of CAN04 

dilutions in ELISA blocking solution was prepared (ranging from 0.3 to 5000 ng/mL) and 

then transferred to the wells at 100 µl/well. The polyclonal antibodies KMT-2 (affinity 

purified rabbit polyclonal antibodies against hIL-1RAcP) and KMT-3 (affinity purified 

rabbit polyclonal antibodies against mIL-1RAcP) were diluted similarly and used as 

controls. Plates were incubated at room temperature for one hour on agitation and then 

washed with ELISA washing solution. One hundred µl/well of goat anti-human IgG 

conjugated to alkaline phosphatase was added and incubated one hour at room 

temperature on agitation. For the controls KMT-2 and KMT-3, goat anti-rabbit IgG 

conjugated to alkaline phosphatase was used. The plates were washed using ELISA 

washing solution followed by addition of substrate (4-Nitrophenyl phosphate disodium 

salt hexahydrate, Sigma-Aldrich, 1 mg/ml), 150 µl/well. The plates were thereafter 

incubated at room temperature on agitation and absorbance at 405 nm was measured after 

30 min. Absorbance at 0 min was taken as background signal. 

 

Alanine Scanning mutagenesis  
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Alanine mutants were generated by site-directed mutagenesis (Qiagen) of Fc-fused IL-

1RAcP and the procurement of the alanine library from Günther et al. [46]. Kinetic 

parameters and affinities of protein-protein interactions were measured by surface 

plasmon resonance (SPR) analysis using a Biacore T100 biosensor (GE Healthcare). 

2000 response units (RU) of Protein A from Staphylococcus aureus (Sigma Aldrich) 

were immobilized on all channels of a CM5 sensor chip. Approximately 200 RU of Fc-

tagged IL-1RAcP were directly captured from cell-culture supernatants on flow cell 2, 3, 

or 4. Binding experiments were carried out in 10 mM HEPES, pH 7.4, 150 mM NaCl, 

0.05% (v/v) Tween20 at 25C by single cycle kinetic analysis using five concentrations of 

CAN03 or CAN04 Fab, from 20nM to 1.25nM concentrations. Between runs, the sensor 

surface was regenerated with one 45s injection of 10 mM HCl. Sensorgrams were double 

referenced against the control flow cell and buffer injections. Data were fit to a 1:1 

binding model using the Biacore T100 Evaluation Software. In reference to Günther et 

al., numbering of alanine scan residues is offset by 20 to reflect human IL1β/IL-1RI/IL-

1RAcP crystal structure (pdb:4DEP) [42, 46]. 

 

Bi-Epitopic Inhibition Assays 

To measure the potency of the antibodies, HEK-Blue™ (IL-1b/IL-33) cells were seeded 

in a 96 well plate at a concentration of 0.33 x 106 cells/ml. Nine 1:3 serial dilutions of 

antibodies from a stock of 1uM antagonist were added to the cells and incubated for 45 

min for a final concentration of 200, 66.7, 20, 6.7, 2, 0.67, 0.2, 0.067, 0.02, 0.0067 nM. 

Plates were stimulated with 10ul of cytokine (1ng/mL IL-1b or 3ng/mL IL-33 stocks at 

20X) and incubated for 18hr at 37C. Cells were then harvested and analyzed using the 
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QuantiBlue assay. As a negative control, activity without cytokine stimulation was 

measured; as a positive control, cells were stimulated without antibody addition.  

2.4 Results  
 
CAN03 and CAN04 both exhibit high affinity binding to their common IL-1RAcP 

antigen 

Antibody affinity has long been known to play a fundamental role in governing the 

biological consequence of antibody/antigen interactions. To determine the binding 

parameters of the antibodies CAN03 and CAN04 to IL-1RAcP, we conducted surface 

plasmon resonance (SPR) analysis. Both CAN03 and CAN04 display a high affinity for 

their target IL-1RAcP, exhibiting affinities (KD) of 900pM and 780pM, respectively, and 

slow off-rates (Kd) near 5 x 10-4 1/s (Figure 2.1A and 2.1B). The on-rates (Ka) of both 

CAN03 and CAN04 are similar as well, at 7.90 x 105 (1/Ms) and 6.10 x 105 (1/Ms), 

respectively. To determine if native glycosylation of IL-1RAcP, on which there are seven 

putative glycosylation sites, influenced binding, we generated a high-mannose variant of 

IL-1RAcP and subsequently cleaved off the glycans using an endoglycosidase [46]. The 

previous SPR experiments were then repeated using de-glycosylated IL-1RAcP as the 

antigen. For both CAN03 and CAN04 antibodies, there was no appreciable difference in 

affinities for complexes formed with the natively glycosylated or deglycosylated antigen 

IL-1RAcP (Figure 2.1C and 2.1D). This lack of change demonstrates that epitope 

masking by glycosylation does not occur as glycosylation state does not affect binding, as 

would be seen by an increase in affinity. In addition, the glycans of the native protein do 

not constitute part of the binding epitope for either antibody, as would be seen by a 

decrease in affinity by their removal. 
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Figure 2.1: Surface Plasmon Resonance of the antibodies CAN03 & CAN04 and Cell 
Signaling Assays 

 (A) Sensorgram of CAN03 with natively glycosylated IL-1RAcP as the antigen and the Ka, Kd, 
and KD of interaction labelled (Curve fit: red). (B) Sensorgram of CAN04 with natively 
glycosylated IL-1RAcP as the antigen and the Ka, Kd, and KD of interaction labelled (Curve fit: 
blue). (C) Sensorgram of CAN03 with deglycosylated IL-1RAcP as the antigen and the Ka, Kd, 
and KD of interaction labelled (Curve fit: red). (D) Sensorgram of CAN04 with deglycosylated 
IL-1RAcP as the antigen and the Ka, Kd, and KD of interaction labelled (Curve fit: blue). (E) Cell 
signaling assays of IL-1 with the natural antagonist IL-1Ra, anti-IL-1RAcP antibody CAN03, and 
anti-IL-1RAcP antibody CAN04. IC50 values are labelled.  (F) Cell signaling assay of IL-33 with 
the natural antagonist sST2, anti-IL-1RAcP antibody CAN03, and anti-IL-1RAcP antibody 
CAN04. IC50 values are labelled.   
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CAN03 and CAN04 inhibit IL-1β with different potencies but both preferentially 

inhibit IL-1β over IL-33 

Next, we investigated the effects that CAN03 and CAN04 have on IL-1β and IL-33 

signaling. As IL-1β and IL-33 signaling complexes interact with IL-1RAcP differently 

[46], we surmised that antibodies that target different epitopes on IL-1RAcP would affect 

IL-1 and IL-33 signaling differently. As a standard of cytokine signaling inhibition, we 

used the natural inhibitors to IL-1 and IL-33 signaling, IL-1 receptor antagonist (IL-1Ra), 

known pharmacologically as Anakinra, and soluble ST2 (sST2), respectively. Unlike the 

antagonist cytokine IL-1Ra, sST2 is the soluble isoform of ST2 and acts as a decoy 

receptor to antagonize IL-33 signaling [124]. CAN04 was the most potent inhibitor of IL-

1β signaling, exhibiting an IC50 of 49 pM in comparison to the IC50 of 164 pM for the 

antagonist cytokine IL-1Ra (Figure 2.1E). Conversely, CAN03 was the least potent 

inhibitor of IL-1β. CAN03 was a 90-fold weaker inhibitor of IL-1β signaling, with an 

IC50 of 4.4 nM, than was CAN04 (Figure 2.1E). CAN04 was also a stronger inhibitor of 

IL-33 than CAN03, exhibiting an IC50 of 782pm compared to an IC50 of 22nM for 

CAN03 (Figure 2.1F). Neither CAN03 nor CAN04 antibodies inhibited IL-33 as well as 

the natural antagonist soluble ST2 (sST2), however, as sST2 displayed an IC50 of 116pM. 

(Figure 2.1F). The antibody CAN03 was the least potent inhibitor in both cases, 

displaying a 25-fold worse IC50 against IL-1β signaling than IL-1Ra and a 190-fold worse 

IC50 against IL-33 signaling than sST2 (Figure 2.1E and 2.1F).  

 

CAN03 and CAN04 use different combinations of CDRs to engage distinct epitopes on 

IL-1RAcP 
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To determine the complementary-determining regions (CDRs) of the antibodies that 

comprise the binding interface with IL-1RAcP, we conducted hydrogen deuterium 

exchange coupled with mass spectrometry (HDX-MS). First, we measured deuterium 

uptake of CAN03 and CAN04 in their apo forms. When compared with deuterium 

exchange profiles of their antigen bound forms, areas of protection, imparted by 

conformational restriction and loss of solvent accessibility to antigen bound areas, are 

seen as a decrease in deuterium exchange (Figure 2.2A and 2.2B). For the CAN03 Fab, 

both CDR1 and CDR2 of the heavy chain are protected upon binding to IL-1RAcP, as 

seen on peptide fragments 27-32 and 51-57, respectively (Figure 2.2C). On the light 

chain, CDR2 and CDR3 are protected, as seen on peptide fragments 47-53 and 93-106 

(Figure 2.2C). For the antibody CAN04, the heavy chain utilizes all three of its CDRs in 

IL-1RAcP binding, as seen on peptide fragments 24-29, 47-69, and 98-103 (Figure 2.2D). 

On the light chain, only CDR2 displays binding, as seen on peptide fragment 47-54 

(Figure 2.2D).   



 
 

65 

 
Figure 2.2: Deuterium exchange protection on the antibodies CAN03 and CAN04 by IL-
1RAcP  

(A) Model of Fab CAN03 with binding by HDX-MS colored red. (B) Peptide stretches identified 
by HDX-MS for deuterium exchange differences between IL-1RAcP bound CAN03 and Apo 
form CAN03. (C) Model of Fab CAN04 with binding by HDX-MS colored blue. (D) Peptide 
stretches identified by HDX-MS for deuterium exchange differences between IL-1RAcP bound 
CAN04 and Apo form CAN04.  
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distinct domains of IL-1RAcP (Figure 2.3A and 2.3B). CAN03 binds to domain 3 (D3) of 

IL-1RAcP, which is proximal to the plasma membrane (Figure 2.3A). This binding 

occurs along four sequential peptide fragments that span residues 254-296 (Supplemental 

Figure 2.1A). In the first peptide fragment (254-259), there is a clear reduction of 

deuterium exchange by CAN03 bound to IL-1RAcP compared to the exchange that 

occurs by IL-1RAcP in its unbound, apo state (Supplemental Figure 2.1A). This 

exchange profile continues in the peptide fragments 259-275 and 276-288. In the last 

fragment, 290-296, the exchange profile is not as pronounced. As there is not a large 

difference at time-point 10 sec, the exchange seen may be due to restricted movement 

within this stretch of amino acids by direct binding in the proceeding regions. Notably, 

only IL-1RAcP peptides residing entirely within the D3 domain, and not in the D1 or D2 

domains, are involved in binding CAN03. Conversely, CAN04 binds domain 2 (D2) of 

IL-1RAcP (Figure 2.3B). The protection imparted by CAN04 binding IL-1RAcP is seen 

on the three peptides comprising residues 105-114, 145-158, and, 169-176 (Supplemental 

Figure 2.1B). While these peptides are not sequential, they reside adjacent to one another 

in the folded protein on the top of D2 (Figure 2.3B).  
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Figure 2.3: Deuterium exchange protection on IL-1RAcP by the antibodies CAN03 and 
CAN04  
 
(A) Crystal structure of IL-1RAcP (pdb:4DEP) with CAN03 binding by HDX-MS colored red. 
Domain 3 is englarged to show locations of the four peptide regions 254-259, 259-275, 276-288, 
and 290-296 from both a front and side view. (B). Crystal structure of IL-1RAcP (pdb:4DEP) 
with CAN04 binding by HDX-MS colored blue. Domain 2 is englarged to show locations of the 
four peptide regions 105-114, 145-158, and 169-176 from both a front and side view. (C) 
Sensorgram of CAN03 with IL-1RAcP Domain 3 as the antigen and the Ka, Kd, and KD of 
interaction labelled (Curve fit: red). (D) Sensorgram of CAN04 with IL-1RAcP Domain 3 as the 
antigen (no binding). (E) Sensorgram of CAN03 with IL-1RAcP Domain 1&2 as the antigen and 
kinetics of interaction labelled (no binding). (F) Sensorgram of CAN04 with IL-1RAcP Domain 
1&2 as the antigen and the Ka, Kd, and KD of interaction labelled (Curve fit: blue). 
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To verify that CAN03 and CAN04 have distinct and non-overlapping epitopes on 

IL-1RAcP, we produced two fragments of IL-1RAcP, containing either a combination of 

the D1 and D2 domains (D1/2) or D3 domain alone, and measured the binding 

parameters of the CAN03 and CAN04 antibodies to these IL-1RAcP fragments by SPR. 

CAN03 binds specifically to the D3 domain of IL-1RAcP with approximately the same 

affinity as it did for full-length IL-1RAcP (Figure 2.3C). CAN04, however, shows no 

appreciable binding for D3 by SPR (Figure 2.3D). Conversely, CAN04 binds to the D1/2 

domains of IL-1RAcP, albeit with a weaker affinity than the full length, while CAN03 

displays no binding to this region, providing further evidence that these antibodies bind 

distinct regions of their common antigen, IL-1RAcP (Figure 2.3E and 2.3F). 

 
Molecular modeling of antibody-IL-1RAcP complexes and Chimeric IL-1RAcP 
Binding  
 
To visualize possible binding modes of the antibodies CAN03 and CAN04, we conducted 

molecular modeling of the antibody-IL-1RAcP complexes. Using our Fab constructions 

in combination with our HDX-MS and SPR data as constraints, we generated multiple 

poses for CAN03 and CAN04 bound to IL-1RAcP. Our models indicate that CAN03 

binds domain 3, near yet not overlapping with the binding interface of IL-1β, while 

CAN04 binds domain 2, directly coincident with portions of the IL-1β and IL-33 

signaling complexes. (Figure 2.4A and 2.4B). We further validated these poses by 

comparing the modeled change in deuterium uptake versus our experimental deuterium 

uptake by IL-1RAcP. Both CAN03 and CAN04 poses aligned well with our empirical 

data, displaying a root-mean-square deviation (RMSD) of deuterium exchange of 0.981 

Å for CAN03-IL-1RAcP and 0.684 Å for CAN04-IL-1RAcP (Figure 2.4C and 2.4D).  
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Figure 2.4: Models CAN03/IL-1RAcP and CAN04/IL-1RAcP binding and deuterium 
uptake comparison.  

(A) Model of CAN03 Fv (Red) binding IL-1RAcP. (B) Model of CAN04 Fv (blue) binding IL-
1RAcP. (C) Difference plot of modelled deuterium uptake versus experimental deuterium uptake 
for CAN03 (Red). (D) Difference plot of modelled deuterium uptake versus experimental 
deuterium uptake for CAN04 (Blue).  
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 To experimentally test our structural models and to further clarify the binding 

region of CAN04, we generated chimeras of IL-1RAcP with portions of the human IL-

1RAcP (hIL-1RAcP) in a murine IL-1RAcP (mIL-1RAcP) background. In all, we 

generated three chimeric proteins containing two regions of hIL-1RAcP within D2 

(Figure 2.5A and 2.5B). As expected, CAN04 binds hIL-1RAcP; conversely, CAN04 

does not bind mIL-1RAcP (Figure 2.5C). When we added human region 1 (H1; inclusive 

of residues Pro121 to Arg137) and human region 2 (H2; inclusive of residues Thr154 to 

Ile171) to mIL-1RAcP, we observed restored binding by CAN04. When only H1 was 

included without H2, we observed ablated CAN04 binding. If H2 was added to mIL-

1RAcP, even in the absence of H1, binding of CAN04 was re-established, displaying the 

necessity of H2 for CAN04 binding, an area implicated in our HDX-MS data, modelling 

data, and which contains the c2d2 loop (Figure 2.5C).  
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Figure 2.5: CAN04 binding to mouse IL-1RAcP chimeras  

(A) Alignment of human IL-1RAcP, mouse IL-1RAcP, and chimeric mIL-1RAcP with human 
regions 1 and/or 2 colored. (B) Crystal structure of human IL-1RAcP (pdb: 4DEP) with regions 1 
and 2 colored  (C). Binding profile of CAN04 (mAb) to each version of IL-1RAcP) with KMT-2 
(polyclonal hIL-1RAcP antibody mixture) and KMT-3 (polyclonal mIL-1RAcP antibody 
mixture) as controls.  

 

Structural analysis and alanine scan elucidates mechanism of selective inhibition of 

cytokine signaling 

To further probe the interfaces of CAN03 and CAN04 on IL-1RAcP, we conducted an 

analysis of the HDX-MS data in conjunction with the crystal structures of IL-1β 
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(pdb:4DEP) and IL-33 (pdb:5VI4) signaling complexes using PISA and known interface 

residue energy contributions for each signaling complex (Figure 2.6A and 2.6B) [42, 46, 

125]. After mapping the interface between IL-1RAcP and the IL-1 and IL-33 

cytokine/receptor pairs, we mutated residues that overlapped or were near CAN03 and 

CAN04 binding areas as seen by HDX-MS (Figure 2.6C and 2.6D). By measuring the 

binding energy change, ΔΔG, of each mutant compared to wild-type IL-1RAcP, we 

determined the energetic contribution of each IL-1RAcP interface residue for CAN03 and 

CAN04 binding (Figure 2.6E).  
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Figure 2.6: Extensive Alanine Scan of IL-1RAcP by Surface Plasmon Resonance  

(A) IL-1RAcP with IL-1𝛽/IL-1RI interface colored according to known ΔΔG of contributing 
residues (B) IL-1RAcP with IL-33/ST2 interface colored according to known ΔΔG of 
contributing residues (C) IL-1RAcP with CAN03 interface colored according to experimental 
ΔΔG of contributing residues (D) IL-1RAcP with CAN03 interface colored according to 
experimental ΔΔG of contributing residues (E) Graph of ΔΔG (mut-wt) of CAN03 and CAN04 
Fabs to IL- alanine library of IL-1RAcP.  

 

In our PISA analysis, clear differences arise in D3 utilization by IL-1β and IL-33 

signaling complexes [125]. Residues in the interface of D3 contribute only 231 Å2 of 

buried surface area (BSA) in IL-1β complex formation, as opposed to 934 Å2 BSA of D2 

WT
E1
32
A
Y1
33
A
G1
34
A
R1
37
A
Q1
65
A
N1
66
A
F1
67
A
N1
68
A
N1
69
A
I17
1A
E1
73
A
L1
80
A
L1
83
A
S1
85
A
H2
31
A
Y2
49
A
S2
83
A
H2
84
A
R2
86
A
T2
87
A
E2
88
A
E2
90
A
T2
91
A

-1

0

1

2

ΔΔ
G 

(m
ut
-w
t) 

[K
ca
l/m
ol
] CAN04

CAN03

B

E290A
R286A

A

H231A

E288A

D
N166A

Y249AS283A

CAN04 InterfaceIL-1β/IL-1RI Interface IL-33/ST2 Interface

F167A

R286A

F167A

N166A

S185A

N168A

L180A
I135A

I171A

N169A
S185A

L183A
K218A L183A

S283A

H226A

N168A

L180A
I135A

I171A

N169A
K218A
N219A
V221A

H226A

CAN03 Interface

F167A

Q165A E173A

I171A
L180A

N169A

E132A

C

N166A

T291A

Y249A

H284A

E

c2d2 Loop

Hydrophobic Patch

Domain 2 Alanine Scan Domain 3 Alanine Scan



 
 

74 

and 137 Å2 BSA of the linker. This translates to fewer residues in D3 being involved in 

IL-1β/IL-1RI recruitment than D2 and the linker. Although we included additional IL-

1RAcP residues important for IL-1𝛽 signaling, namely H231A and Y249A, the vast 

majority of the interface in D3 of IL-1/βIL-1RI is contained on the peptide stretch from 

S283 to T291. While we observed a moderate negative energy change in residue S283 

and E290 for CAN03 binding, near -0.4 kcal/mol, there was little change in ΔΔG over the 

entirety of this span of residues (Figure 2.6E).  

For IL-33 signaling, the D3 domain has nearly as large an interface area as D2, 

comprising 704 Å2 BSA to IL-33/ST2 in comparison to 923 Å2 for D2 and 139 Å2 for the 

linker. The majority of residues involved in IL-33/ST2 binding, however, are far outside 

of the HDX-MS binding stretches, namely from V221-V232, due to a 60 degree turn of 

D3 in the IL-33 crystal structure compared to IL-1β [46]. Y249A is a part of the interface, 

although we saw little change in our alanine scan of this residue (Figure 2.6E).  

For the antibody CAN04, the mutation Q165A decreased the affinity of CAN04 

the greatest in our alanine scan, by approximately 1.5 kcal/mol, and likely is a critical 

part of the binding interface with CAN04 (Figure 2.6F). Directly beside this residue, the 

mutation N166A decreased binding by 0.5 kcal/mol while F167A increased binding by -

0.4 kcal/mol. Adjacent to this residue, N169A also affected ΔΔG of CAN04 binding by 

roughly 0.6 kcal/mol. In addition to this stretch of residues, the residues E173 and L180 

contributed nearly 1 kcal/mol of energy to the CAN04 interaction (Figure 2.6F). Proximal 

to these residues, I171A increased binding by 0.3 kcal/mol.  

 

Potency of signaling inhibition by CAN03 and CAN04 is increased in a bi-epitopic 

antibody format 
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Since CAN03 and CAN04 have distinct binding interfaces on different domains of IL-

1RAcP, we created a bi-epitopic library of the antibodies to determine if the combination 

of CAN03 and CAN04 would have a synergistic effect against IL-1β and IL-33 signaling 

(Figure 2.7A). In addition to the canonical IgG forms described above, we tested three 

different antibodies: a CAN03 tetravalent antibody with CAN04 (tetra-CAN03-CAN04; 

in which the CAN04 Fab is appended to the CAN03 antibody), a CAN04 tetravalent 

antibody with CAN03 (tetra-CAN04-CAN03; in which the CAN03 Fab is appended to 

the CAN04 antibody), and a bispecific antibody that contains one of each CAN03 and 

CAN04 Fab (Figure 2.7A). Neither Tetra-CAN03-CAN04 nor Tetra-CAN04-CAN03 

were significantly more potent as inhibitors against IL-1β or IL-33 signaling than either 

CAN03 or CAN04 alone (Figure 2.7B). The bispecific antibody, however, inhibited both 

IL-1β and IL-33 better than both CAN03 and CAN04 alone (Figure 2.7B and 2.7C). As 

the IL-1RAcP epitope for CAN04 was already optimally positioned for potent IL-1β 

inhibition, the improvement seen by the inclusion of CAN03 in the bi-specific antibody 

was modest. The bi-specific antibody exhibited the greatest effect against IL-33 

signaling, acting synergistically to block IL-33 better than both CAN03 and CAN04 

alone, as each antibody could block both the D3 and D2 simultaneously on IL-1RAcP 

(Figure 2.7C). As we used different IL-1β and IL-33 signaling cells for these studies, 

different concentrations of both IL-1β and IL-33 were required in our experimental 

design; as such, only the relative inhibitory concentrations of our antagonists (Figure 2. 
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7B-C) are directly comparable to the signaling assays described previously (Figure 2.1E-

F). 

 
Figure 2.7: Bi-Epitopic Antibodies and Signaling Inhibition Studies  

(A) Library of antagonists: CAN03 mAb, CAN04 mAb, Tetravalent CAN03 with CAN04 
attached to Fab (tetra-CAN03-CAN04), Tetravalent CAN04 with CAN03 attached to Fab (tetra-
CAN04-CAN03), and bi-specific CAN03/CAN04 (bi-specific) antibody. (B) Signaling inhibition 
assay of IL-1 including all five antagonists with identities colored and labelled. (C) Signaling 
inhibition assay of IL-33 including all five antagonists with identities colored and labelled. 
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2.5 Discussion 
 
In many respects, the IL-1β and IL-33 signaling complexes are similar. First, the cytokine 

binds its cognate receptor at high (sub-nM to low nM) affinity; second, the 

cytokine/cognate receptor complex recruits the shared co-receptor IL-1RAcP at more 

moderate (high nM) affinity. IL-1RAcP interacts with both IL-1β/IL-RI and IL-33/ST2 

binary complexes similarly, using its D2 and D3 domains. There are four main surface 

regions on IL-1RAcP that contribute to these interactions: the c2d2 loop (Q165-N169), 

the hydrophobic patch (E132-I135, I171-S185), the linker between D2 and D3 (G215-

N219), and the D3 domain (V221-T291) [42, 46]. The respective crystal structures of the 

two ternary complexes are highly similar and differ only by a root-mean-square deviation 

of 3.2 Å over all Cα carbons [126]. The differences, however, reside in how the 

respective cytokine/cognate receptor binary complexes utilize the four surface regions of 

IL-1RAcP in order to form functional signaling complexes.  

In IL-1 signaling, the vast majority of the IL-1β/IL-1RI interface is contained 

within domain 2 of IL-1RAcP. The c2d2 loop, inclusive of residues Q165 to N169, is 

crucial to this interaction. Indeed, Q165 of IL-1RAcP hydrogen bonds with Q141 of IL-

1β while not making any direct contacts in the IL-33 signaling complex. F167 of IL-

1RAcP contributes eight-fold more energetically to the complex formation of IL-1 than it 

does to IL-33, translating to 4 kcal/mol in IL-1β/IL-1RI binding energy (Figure 3.6A and 

3.6B) [46]. Adjacent to this residue, N169 contributes even more binding energy, 4.5 

kcal/mol, to IL-1β/IL-1RI binding, two-fold more than in the IL-33/ST2 complex [46]. 

Within the entirety of this stretch of residues, a network of Van der Waals interactions, 

hydrogen bonds, and electrostatic contacts exist.  
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The hydrophobic patch is an important component to IL-1β complex formation as 

well. Energetically, E132 is two-fold more important to IL-1β signaling than IL-33, 

translating to 2 kcal/mol. S185 contributes nearly six-fold more to IL-1β complex 

formation than IL-33, adding 3 kcal/mol binding energy to the interaction [46]. G134 

hydrogen bonds with IL-1RI; I171 and L180 each are part of a hydrophobic interaction 

with V160 of IL-1RI. D3, however, is less utilized than D2, and the entirety of tested 

residue interactions only contribute 3 kcal/mol of binding energy to IL-1 complex 

formation. These interactions are mainly localized between a stretch of amino acids from 

S283 and T291, although H231 and Y249 make minor energetic contributions [46].  

CAN03 is a weaker inhibitor of IL-1β signaling than IL-1Ra and CAN04 for two 

reasons. First, D3 is not as energetically important for IL-1 signaling as D2 and is 

therefore a less direct target for inhibiting IL-1β signaling (Figure 2.6A). Second, as 

shown by our alanine scan, CAN03 does not directly interact with residues involved in 

IL-1β signaling and likely binds residues prior in sequence to S283-T291 (Figure 2.6C). 

Altogether, the limited IL-1β signaling inhibition by CAN03 is most likely due to steric 

effects resulting from the bulkiness of the IgG molecule rather than direct binding of the 

interface important for IL-1β complex formation.  

CAN04 is a potent inhibitor of IL-1β signaling for the very reason CAN03 is not: 

CAN04 binds directly to residues that are integral to IL-1β signaling. This is seen in our 

chimeric binding studies, wherein region 2 (T154-I171), an area containing the c2d2 

loop, was essential for CAN04 binding and its absence resulted in loss of binding. 

Additionally, in our alanine scan, the largest energy change seen was for Q165A, a 

residue contributing 1.5 kcal/mol energy to CAN04 binding. N166A, F167A, and N169A 
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all affected CAN04 binding as well (Figure 2.6F). Collectively, these residues comprise 

the c2d2 loop and are clearly part of the CAN04 binding interface. Near this area, we 

measured large energetic changes for the E173A and L180A mutants. Altogether, 

CAN04 binds the c2d2 loop and, to a lesser extent, portions of the hydrophobic patch, to 

selectively inhibit IL-1β signaling.   

While IL-1 signaling is highly dependent on the c2d2 loop and hydrophobic 

patch, recruitment of IL-1RAcP by IL-33/ST2 is the result of a more distributed interface. 

This is due to IL-33 holding ST2 in a specific conformation for IL-1RAcP recruitment 

rather than IL-33 engaging with IL-1RAcP to a similar extent as does IL-1β. As a 

consequence, the c2d2 loop is utilized less [46]. Within the hydrophobic patch, however, 

E173 and L180 contribute the most energy, roughly 1.5 kcal/mol, to IL-33/ST2 binding. 

Overall, D2 is not as energetically important in IL-33 signaling as in IL-1β signaling. D3, 

in contrast to its role in IL-1β signaling, is critically important for IL-33 signaling. Within 

the IL-33 crystal structure, D3 is rotated 64 degrees in comparison to its position in the 

IL-1β signaling complex. As Ig domains are ellipsoidal, this results in a larger surface 

area being presented to IL-33/ST2 in D3 of IL-1RAcP and along a different stretch of 

residues, namely V221–V232 and Y249 [46].  

While the IL-1β interface is near the epitope of CAN03, the IL-33 interface is not, 

and most likely accounts for the 190-fold worse IL-33 signaling inhibition seen in our 

assays as compared to sST2 (Figure 2.1F). This is highlighted best in our HDX-MS data, 

where CAN03 binding is clearly to the backside of the D3 in relation to the V221-V232 

interface (Figure 2.3A). In further iterations of IL-1RAcP antibody design, it may be 

possible to selectively inhibit IL-33 over IL-1 signaling by targeting these residues of IL-
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1RAcP as there is little overlap between the IL-1 and IL-33 interface in the D3 domain 

(Figure 2.6A and 2.6B). 

The shortcomings of CAN04 as an IL-33 inhibitor are twofold. First, the c2d2 

loop does not contribute to IL-33 complex formation to the same degree as it does for IL-

1β. Additionally, as the IL-33/ST2 interaction is more distributed on the IL-1RAcP 

surface and relies heavily on D3, the CAN04 binding epitope is poorly positioned to be 

nearly as potent an IL-33 inhibitor as it is an IL-1 inhibitor. In our bi-epitopic antibody 

design, it is not entirely surprising the bi-specific CAN03/CAN04 antibody performed 

better than either CAN03 and CAN04 alone against IL-33 signaling (Figure 2.7C). As the 

interface between IL-1RAcP and IL-33/ST2 is broad, targeting both D2 and D3 

simultaneously with the bi-specific antibody appears to be a powerful strategy for IL-33 

signaling inhibition.   

Collectively, our studies highlight the feasibility of using antibodies to target 

shared secondary receptors for selective cytokine signaling inhibition of IL-1 family 

cytokines. By logical extension, the antibodies could be replaced by other 

macromolecules that bind similarly specific interfaces and the IL-1 family cytokines 

substituted by other cytokine families. Indeed, shared receptors abound in cytokine 

signaling. Within the class I cytokine receptor family alone, three shared receptors, the 

common gamma chain (γc), gp130, and the common beta chain (βc), are collectively 

involved in nearly 20 different cytokine complexes [127]. Within the class II cytokine 

receptor family, four shared receptors are involved in 9 different cytokine complexes 

[128]. Through targeting a shared receptor and leveraging the differential utilization of 

shared interfaces, it is possible to selectively inhibit one cytokine over another, albeit 
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with different efficacy. In addition, we identified an antibody that inhibits IL-1 signaling 

better than the natural antagonist cytokine, IL-1Ra (Anakinra). As Anakinra is the gold-

standard of IL-1 therapeutics, CAN04 may prove clinically useful for a wide range of IL-

1-mediated inflammatory and autoimmune diseases. 
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Chapter 3: The Rational Design of IL-33 Antagonists 
 
3.1 Abstract: 
 
Cytokines are messengers of the immune system, capable of orchestrating an immune 

response to a wide range of stimuli. Aberrant signaling within these systems, however, 

can lead to numerous disease pathologies and autoimmune conditions. One such 

cytokine, Interleukin-33 (IL-33), a member of the IL-1 family of cytokines, is a central 

mediator of chronic respiratory disorders, in particular in asthma. While most IL-1 family 

cytokines have an antagonist cytokine to dampen inflammatory signaling, such as IL-1Ra 

(Anakinra) for IL-1β, IL-33 does not. Instead, the natural inhibitor of IL-33 is a spliced 

isoform of its primary receptor ST2 that is soluble rather than membrane bound. As IL-33 

is increasingly being recognized as an important therapeutic target, we designed 

“cytokine traps” that specifically target this cytokine. By combining two technologies 

(hetero-dimeric Fc generation and Fc fused-receptors), we created a library of putative 

therapeutics to leverage both the sub-nM affinity that IL-33 has for its primary receptor 

and to potentially overcome the short therapeutic half-life of protein therapeutics by 

utilizing IgG recycling. Furthermore, these fusion proteins are broadly applicable to other 

cytokine/receptor complexes, establishing an alternative to neutralizing antibodies as a 

therapeutic strategy against aberrant cytokine signaling. 
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3.2 Introduction:  

Interleukin-1 (IL-1) family cytokines are key mediators of inflammation [3]. IL-33, the 

most recently discovered cytokine of the IL-1 family, is a critical component of an 

allergic immune response and has been implicated in numerous auto-inflammatory 

conditions [126]. Biologically, IL-33 acts as an alarmin and is released from endothelial 

or epithelial barrier cells after necrotic cell death [20]. While critical in orchestrating an 

immune response to extracellular pathogens, such as parasites and some viruses, the type 

2 (pro-allergic) immune response that occurs with IL-33 release can lead to airway hyper-

responsiveness and airway remodeling, hallmarks of lung diseases that include asthma 

and chronic obstructive pulmonary disease (COPD).  

The attractiveness of IL-33 as a therapeutic target is derived from its location as a 

central mediator of chronic respiratory disorders. Increased levels of both IL-33 and ST2 

have been found in the lung epithelial cells and blood serum from patients affected by 

asthma. Additionally, numerous genome-wide association studies (GWAS) have 

established both IL-33 and its receptor ST2 as important loci for asthma [27, 100-103]. 

Single nucleotide polymorphisms in IL-33 have been shown to impart a predisposition to 

asthma in the human population[129]; this is true for the receptor ST2 as well [129, 130]. 

These findings have been recapitulated in numerous mouse models [104, 105, 131, 132]. 

As a therapeutic target, IL-33 resides at a key axis of the Th2 response, 

coordinating numerous cells to initiate and maintain inflammation. Depending on the cell 

type, as only cells with ST2 are stimulated by IL-33, different cellular responses occur. In 

the case of Th2 cells, IL-5 and IL-13 are released. Mast cells release cytokines that 
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include IL-4, IL-5, and IL-6. Neutrophils migrate through chemotaxis while eosinophils 

respond through degranulation and production of reactive oxygen species. The unifying 

property of these processes is that it is a coordinated Th2 response and IL- 33 directs this 

action.  

As with other IL-1 family cytokines, IL-33 signaling occurs in distinct steps. 

First, IL-33 binds its primary receptor ST2 with high (sub-nm) affinity. This binary IL-

33/ST2 complex then recruits the co-receptor interleukin-1 receptor accessory protein 

(IL-1RAcP). As this ternary IL-33/ST2/IL-1RAcP complex forms, TIR domains, attached 

through transmembrane helices, come together intracellularly, initiating a potent 

signaling cascade. Within the IL-1 family of cytokines, the most widespread and efficient 

method for controlling this inflammatory signal is at the cytokine/receptor level.  

For all other members of the IL-1 subfamily, antagonist cytokines, such an IL-1 

receptor antagonist (IL-1Ra), act as natural antagonists to cytokine signaling; no such 

antagonist cytokines exist for IL-33. Instead, a spliced isoform of the primary receptor 

ST2 exists in a soluble form, known as soluble ST2 (sST2). Additionally, the mechanism 

of cytokine signaling is different than other IL-1 family cytokines. As IL-1 contributes 

extensively to ternary IL-1/IL-1RI/IL-1RAcP complex formation by interacting directly 

with the secondary receptor IL-1RAcP, the mechanism of recruitment of IL-1RAcP is 

said to be “cytokine driven.” IL-33, however, does not make particularly energetic 

interactions directly with IL-1RAcP and instead holds ST2 in a conformation that is 

favorable for IL-1RAcP recruitment.  
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These differences have led to a paucity of therapeutic interventions against 

aberrant IL-33 signaling. Unlike IL-1, no pharmacological recapitulation of an antagonist 

cytokine can be marketed as one does not exist. Second, as IL-33 has such a high affinity 

for its primary receptor and does not significantly interact with the secondary receptor 

itself, the creation of an anti-IL33 antibody has proved difficult.  

To overcome the limitations inherent to the development of a classical antagonist 

to IL-33 signaling, we designed a library of antagonists by combining two technologies: 

Fc-fused receptors and hetero-dimeric Fcs. The Fc-fusion to receptors leverages the 

naturally high affinity that IL-33 has for its primary receptor ST2 while possibly 

increasing the therapeutic half-life of the proteins by IgG recycling. Hetero-dimeric Fcs 

allows us to expand the types of cytokine traps to test, ultimately allowing for the 

recapitulation of an IL-33 ternary complex fused to an Fc with our “cytokine trap.” 

3.3 Methods: 
 
Protein Expression and Purification  

Cytokines were expressed and produced as described in Gunther et al. [46]. All four 

cytokine traps, as well as sST2, were cloned into pcDNA4to vectors and transiently 

transfected into HEK293T cells. Culture supernatants were harvested 96 hours post 

transfection. Subsequently, cytokine traps were then purified by protein-A purification; 

sST2 was purified by nickel affinity. All constructs were then buffer exchanged (20mM 

Hepes, 150mM NaCl, pH 7.5) and then further purified by size exclusion 

chromatography (SDX200).  

Cell Signaling Assays 
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HEK293T cells were transiently transfected with a luciferase gene (nano-luc, plasmid 

pNL2.2, Promega) under the control of the IL-8 promoter [35]. For measurement of IL-

33 activity, both the reporter gene and the full-length ST2 gene were transfected (with a 

mass ratio of reporter to receptor plasmid of 25:2). 18hr after transfection, cells were 

harvested and seeded into 96-well plates at a concentration of 40,000 cells/well. Cells 

were stimulated with 10 pM IL-33. After 5 hr stimulation at 37C, cells were lysed and 

luciferase activity was determined using a Veritas luminescence reader (Promega). As a 

negative control, luciferase activity without cytokine stimulation was measured.  

Surface Plasmon Resonance: 

Kinetic parameters and affinities of protein-protein interactions were measured by surface 

plasmon resonance (SPR) analysis using a Biacore T100 biosensor (GE Healthcare). 

2000 response units (RU) of Protein A from Staphylococcus aureus (Sigma Aldrich) 

were immobilized on all channels of a CM5 sensor chip. Approximately 200 RU of our 

traps were directly captured on flow cell 2. Binding experiments were carried out in 10 

mM HEPES, pH 7.4, 150 mM NaCl, 0.05% (v/v) Tween20 at 25C by single cycle kinetic 

analysis using concentrations of each trap from 20nM to 0.675nM. Between runs, the 

sensor surface was regenerated with one 45s injection of 10 mM HCl. Sensorgrams were 

double referenced against the control flow cell and buffer injections. Data were fit to a 

1:1 binding model using the Biacore T100 Evaluation Software. 

 

3.4 Results: 
 
The Rational Design of Novel IL-33 Antagonists 
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We rationally designed five cytokine traps with different attributes to stem IL-33 

signaling (Figure 3.1).  The “N-terminal Trap” is composed of the primary receptor ST2 

fused to an Fc domain of an IgG molecule on the N-terminus. This fusion is achieved by 

the addition of a short glycine/serine linker between the C terminus of the primary 

receptor and the N terminus of the Fc IgG1 molecule (Figure 3.1A), resulting in two ST2 

molecules being fused to a homodimer of an Fc molecule, increasing the stoichiometry to 

two ST2 molecules per Fc. Conversely, the “C-Terminal Trap” is composed of an Fc with 

ST2 fused on the C-terminus, resulting in two ST2 receptors being attached to a Fc 

molecule (Figure 4.1B); the decision to add ST2 onto the C-terminus was based on the 

premise that we could increase the freedom of movement of the domain 3 (D3) of ST2 by 

having it be unattached to its partner Fc and, rather, be paired through domain 1 (D1).  

 
 
Figure 3.1: Library of antagonists against IL-33 Signaling  

(A) Homo-dimeric Fcs fused to the primary receptor ST2 on the N-terminal (B) Homo-dimeric 
Fcs fused to the primary receptor ST2 on the C-terminal (C) Hetero-dimeric Fcs fused to the 
primary receptor ST2 and the co receptor IL-1RAcP on the N-terminal (D) Hetero-dimeric Fcs 
fused to the primary receptor ST2 asymmetrically on the N and C terminals. (E) Heterodimeric 
Fc Fused to the primary receptor ST2 and co-receptor IL-1RAcP on both N and C terminals. 
 

A B C ED

N-Terminal Trap          C-Terminal Trap             Cytokine Trap           Asymmetric Trap          Double Trap
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The “Cytokine Trap” is composed of two Fc-receptor fusions: the primary 

receptor ST2-Fc fusion and the secondary receptor IL-1RAcP-Fc fusion. This was 

achieved by utilizing heterodimeric Fc generation technology, wherein the charge of the 

CH3 domain of each individual Fc is changed so that only heterodimeric Fcs will 

dimerize [133]. The mutations included E357Q and S364K on the positively charged Fc 

fused with ST2 and L368D K370S for the negatively charged Fc with IL-1RAcP fused. 

Additionally, the disulfide that would ordinarily attach to the Fab was changed to a serine 

(C220S) on both monomers. Once formed, these heterodimeric Fcs are fused N-

terminally to recapitulate the components of an IL-33 ternary complex (Figure 3.1C). The 

reasoning behind this construct design is that the primary receptor has a high affinity for 

IL-33 while the accessory protein contributes stability to the overall cytokine/receptor 

complex.  

The “Asymmetric trap” utilizes components of all previous constructs: N-

terminally fused ST2, C-terminally fused ST2, and heterodimeric Fcs. In doing so, one Fc 

has an ST2 molecule attached C terminally and its pair has an ST2 molecule attached N 

terminally. This was done to retain the stoichiometry of binding sites for IL-33 at two 

while increasing the freedom of movement in comparison to its cognate pair (Figure 

3.1D). While we designed a double trap, where two ternary complexes resided on both 

the N and C termini of an Fc, this construct did not express at usable quantities (Figure 

3.1E) 

Two Engineered Antagonists to IL-33 Signaling Inhibit More Potently than Natural 

Antagonists sST2 
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Next, we investigated the effect this library of antagonist fusion peptides had on IL-33 

signaling through a cell signaling assay. One of the most potent inhibitors of IL-33 

signaling is our cytokine trap, displaying an IC50 of 560pM. In comparison to the natural 

antagonist sST2, this is 3-fold better than the 1.60nM IC50 of sST2. In addition to our 

cytokine trap, our asymmetric trap also performed better than sST2 at inhibiting IL-33 

signaling, with an IC50 of 360pM. Neither the N-terminal trap nor the C-terminal trap 

performed as well as sST2, however, despite having a stoichiometry of two ST2 receptors 

per molecule of trap. The N terminal Trap was 2-fold worse with an IC50 of 2.4nM. The 

C-terminal trap was least effective inhibitor of all, with an IC50 of 12nM, nearly 8-fold 

worse than sST2.  

 

Figure 3.2: Cell Signaling Assay of IL-33 Antagonists  

(A) Cell signaling assay of IL-33 with the natural antagonist sST2, N Terminal Trap, C Terminal 
Trap, Cytokine Trap, and Asymmetric Trap. IC50 values are labelled.  
 

Surface Plasmon Resonance Studies Elucidate Functional Attributes of Different 
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To investigate the molecular mechanisms of the different potencies of our antagonists, we 

conducted surface plasmon resonance to determine the properties of their interactions 

with IL-33. The N terminal trap displayed an affinity of 370pM. The on-rate (ka) was 7.6 

x 105 (1/Ms) while the off-rate (kd) was 2.8 10-4 (1/s). The C terminal Trap displayed an 

increased affinity, 260pM, due to a faster ka of 1.2*106. The off-rate remained roughly 

equivalent to the N-terminal trap at 3.2 *10-4. The cytokine trap’s kinetics, however, 

could not be calculated, as the off-rate was prohibitively slow. Indeed, even after 600s 

release time, the sensorgram did not decrease a discernable enough amount to determine 

kd. The asymmetric trap, however, had a similar KD to both the C terminal and N terminal 

trap, at 224pM. The striking difference, however, is in an increased on-rate at 1.5*107 

1/Ms.  
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Figure 3.3: Surface Plasmon Resonance of CAN03 & CAN04   

(A) Sensorgram of N Terminal Trap with IL-33 as analyte. (B) Sensorgram of C Terminal Trap 
with IL-33 as analyte. (C) Sensorgram of Cytokine Trap with IL-33 as analyte. (D) Sensorgram 
of Asymmetric Trap with IL-33 as analyte.  

 
4.5 Discussion:  
 
To date, developing classical antagonists to IL-33 signaling has proved difficult. 

Although anti-IL-33 antibodies have been developed to inhibit IL-33 signaling, many 

have failed primary endpoint trials. Although sST2 and various inline fusion peptides of 

soluble receptor conjugates have been developed, their feasibility as clinical drugs have 

yet to be seen [134]. One shortcoming of these peptides is the theoretically short half-life 
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of the peptides. Indeed, Anakinra, a protein therapeutic for IL-1 signaling, must be 

administered on a daily basis due to its 4-6hr half-life.  

Our cytokine traps offer another avenue of therapeutic intervention for a number 

of IL-33 mediated diseases. In our signaling assays, both the “cytokine trap” and the 

“asymmetric trap” proved to be three-fold better inhibitors than the natural antagonist 

sST2. Neither the N-terminal trap, nor the C-terminal trap, performed as well as sST2 in 

our assays, however. Through our SPR analysis and the variations in our traps, we were 

able to discern why some performed better than others.  

The cytokine trap performed so well in our signaling assays due to the inclusion 

of the secondary receptor. Although the primary receptor provided a high affinity trap for 

IL-33, the IL-33/ST2 complex binding to IL-1RAcP added stability to the overall 

interaction, as seen by the extremely slow off-rate of our SPR experiments.  

The asymmetric trap was successful construct for two possible reasons: 

stoichiometry and freedom of movement. First, the stoichiometry of ST2 to IL-33 was 

doubled in the asymmetric trap by the inclusion of the primary receptor on the N 

terminus of one Fc molecule and the C terminus on the other. This asymmetric geometry 

also allows for a greater amount of freedom of movement as there is not a second ST2 

molecule in close proximity, as was present in both the N terminal and C terminal traps 

(Figure 4.1A).    

Altogether, we developed two new constructs that proved better than sST2 in-

vitro, opening a new avenue to IL-33 targeted therapeutic intervention. As IL-33 is 

recognized as a central component to asthma and COPD, these developments may lead to 

new treatments for IL-33 mediated disease.   
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Chapter 4: Silent Antibodies: The generation of hyperglycosylated 
IgG1 molecules  
 
4.1 Introduction:  
 
Therapeutic monoclonal antibodies (mAbs) are a cornerstone to modern medicine and 

function to ameliorate disease by binding specific substrates through their fragment 

antigen-binding (Fab) domains.  Furthermore, antibodies commonly elicit downstream 

effector function through their fragment crystallizable (Fc) domain. A myriad of 

immunological outcomes can be achieved through Fc𝛾 and/or complement C1q binding, 

such as antibody-dependent cellular cytotoxicity (ADCC) through Fc𝛾	receptor binding 

or complement dependent cytotoxicity (CDC) through C1q binding. There are instances, 

however, where the downstream consequences of IgG molecules are not desired, such as 

neutralizing antibodies and Fc-fused decoy receptors. To that end, we have designed a 

library of IgG1 mutants that ablate Fc𝛾	receptor binding while retaining neonatal FcRn 

binding so as to retain IgG recycling. 

4.2 Methods:  
 
Protein Expression and Purification  

All four constructs (IgG1 wild-type, NST-267, NST-329, and NST-267-329), both full 

length and the Fc region, were cloned into mammalian expression vectors (pcDNA4TO) 

and transiently transfected into HEK293T cells. All IgG molecules were then purified by 

protein-A purification. All constructs were then buffer exchanged (20mM Hepes, 150mM 

NaCl, pH 7.5) and then further purified by size exclusion chromatography (Superdex 

200).  

Crystallization 
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All four Fc molecules were crystallized after initial screening on Ari-2 plates. Crystals 

were grown vapor diffusion by sitting drop. For Fc wild-type, crystals were grown by 

mixing 1uL of Fc (10mg/mL in 10mM HEPES, 75mM NaCL, pH 7.4) with 1uL of 

precipitant solution consisting of 0.05M Phosphate pH 7.0, 20% PEG3350 pH 7.4. For 

NST-267, crystals were grown by mixing 1uL of Fc (10mg/mL in 10mM HEPES, 75mM 

NaCL, pH 7.4) with 1uL of precipitant solution consisting of 0.1M HEPES pH 6.5, 8% 

w/v PEG6000. For NST-329, crystals were grown by mixing 1uL of Fc (10mg/mL in 

10mM HEPES, 75mM NaCL, pH 7.4) with 1uL of precipitant solution consisting of 

0.1M HEPES pH 6.5, 12.571% w/v PEG6000. For NST-267-329, crystals were grown by 

mixing 1uL of Fc (10mg/mL in 10mM HEPES, 75mM NaCL, pH 7.4) with 1uL of 

precipitant solution consisting of 0.025M MES pH7.0, 0.1M KCI, 20.571% w/v 

PEG3350.  

Surface Plasmon Resonance:  
 
Kinetic parameters and affinities of protein-protein interactions were measured by surface 

plasmon resonance (SPR) analysis using a Biacore T100 biosensor (GE Healthcare). 

2000 response units (RU) of Protein A from Staphylococcus aureus (Sigma Aldrich) 

were immobilized on all channels of a CM5 sensor chip. Approximately 150 RU of Fc 

were directly captured on flow cell 2, 3, and 4. Between runs, the sensor surface was 

regenerated with one 45s injection of 10 mM HCl. Experiments were subsequently 

doubled referenced against flow cell 1 and buffer injections. For the FcRn experiment, 

FcRn was amine coupled to a CM5 chip at approximately 1500 RU. Experiments were 

then run at either pH 6.0 or pH7.4. Surface of FcRn chip was regenerated once with a 45s 

injection using 10mM HEPES at pH 8.0.  



 
 

95 

4.3 Results:  
 
The generation of hyperglycosylated mutants:  

We analyzed structures of IgG molecules bound to Fc𝛾	receptors (pdb: 5D6D; 3WJJ) and 

used mutagenesis binding data to determine sites to mutate for the generation of our 

hyperglycosylated antibodies [135-137]. By utilizing the conserved N linked 

glycosylation amino acid recognition site (NXS/T), we mutated residues starting at 

positions 267, 329, and a combination of those two sites (267/329) to NST. This, in turn, 

allowed for those specific sites to be glycosylated through post translational modification. 

These three mutants are referred to as “NST-267”, “NST-329”, and “NST-267-329” to 

denote both the location and amino acid changes of the various IgG molecules.  

Crystal Structures of hyperglycosylated mutants: 

To verify that these sites had additional glycans added to them, we crystallized the wild-

type Fc molecule and the mutants NST-267, NST329, and NST-267-329 (Figure 4.1). 

The wild-type Fc had a normal glycosylation profile and architecture, with the conserved 

N297 site being occupied by complex glycans with a core-fucose (Figure 4.1A). 

Similarly, NST-267 contained this intrinsic glycosylation at N297 with an additional two 

glycans at site N267 on both chains of the homodimeric Fc (Figure 4.1B). When 

compared to the wild-type Fc, there is a root-mean-squared deviation (RMSD) of 0.54 Å2 

over their cα atoms, indicating negligible structural differences. The mutant NST-329 

also had little change over the entirety of the structure as compared to the wild-type Fc as 

well, with an RMSD of 0.32 Å2. In addition, a single glycan could be resolved at position 

N329 (Figure 4.1C). Likewise, the double mutant, NST-267-329, had an RMSD of 0.31 

Å2 to the wild-type Fc molecule, further displaying that these mutations did not collapse 



 
 

96 

the Fc dimer or make major changes to the overall structure of these molecules. 

Additionally, glycans were present at both the N267 and N329 sites in addition to site 

N297, showing that glycans were added to these mutation areas (Figure 4.1D).  

 
 

Figure 4.1: Crystal Structures of wild-type and mutant Fc molecules  

(A) Crystal structure of wild-type Fc (PDB: 7LBL) (B) Crystal structure of NST-267 (PDB: 
7LF5) (C) Crystal structure of NST-329 (PDB: 7LF9) (D) Crystal structure of NST-267-329 
(PDB: 7LFN)  
 

Hyperglycosylation of IgG mutants Ablate Fc gamma Receptor Binding:  

To determine if our hyperglycosylated mutants could block fcγ receptor binding, we 

conducted surface plasmon resonance analysis of our mutants and compared binding to 

IgG1 Wild-typeA B

C D

IgG1 NST-267

IgG1 NST-329 IgG1 NST-267-329



 
 

97 

the wild-type IgG molecule. Wild-type Fc bound FcγRI with an affinity of 62 nM (Figure 

4.2A). Affinities for NST-267, NST-329, and NST-267-329 could not be determined. 

Although NST-329 displayed faint response units during FcγRI injection, neither NST-

267 nor NST-267-329 displayed any binding at all (Figure 4.2A).  

 We next determined the binding affinity of Fc and our mutants to FcγR2a. The 

wild-type IgG had an affinity of 830nM to FcγR2a. Similar to FcγRI, none of the 

hyperglycosylated mutants bound to FcγR2a. This finding was extended to FcγR2b as 

well. While the wild-type Fc bound with an affinity of 2.2uM, none of the mutants bound 

to this receptor. While NST-329 showed minimal response units near zero, neither NST-

267 nor NST-267-329 showed any interaction at all (Figure 4.2A).  

 
 
Figure 4.2: Surface Plasmon Resonance of Fc𝜸 receptor binding  

(A) Compilation of IgG/ Fc𝛾 receptor interactions by SPR. These include Fc𝛾RI, Fc𝛾R2a, 
Fc𝛾R2b, and Fc𝛾R3aV interacting with all four Fc molecules. KDs are labelled and reflect n=3. 

BT329

Time (s) 

RU

0 200 400 600 800
0

10

20

30

40

50

BT267

Time (s) 

R
U

0 200 400 600 800
0

10

20

30

40

50

FcyRI

Time (s) 

R
U

0 200 400 600 800
0

10

20

30

40

50

BT267_329

Time (s) 

R
U

0 200 400 600 800
0

10

20

30

40

50

BT329

Time (s) 

R
U

0 200 400 600 800
0

20

40

60

80

BT267_329

Time (s) 

R
U

0 200 400 600 800
0

20

40

60

80

FcyR2a

Time (s) 

R
U

0 200 400 600 800
0

20

40

60

80

BT267

Time (s) 

R
U

0 200 400 600 800
0

20

40

60

80

BT267_329

Time (s) 

R
U

0 200 400 600 800
0

10

20

30

40

50

BT267

Time (s) 

R
U

0 200 400 600 800
0

10

20

30

40

50

FcyRI

Time (s) 

R
U

0 200 400 600 800
0

10

20

30

40

50

BT329

Time (s) 

R
U

0 200 400 600 800
0

10

20

30

40

50

BT329

Time (s) 

R
U

0 200 400 600 800
0

10

20

30

40

50

BT267

Time (s) 

R
U

0 200 400 600 800
0

10

20

30

40

50

FcyR3aV

Time (s) 

R
U

0 200 400 600 800
0

10

20

30

40

50

BT267_329

Time (s) 

R
U

0 200 400 600 800
0

10

20

30

40

50

A NST-329NST-267Wild-type Fc NST-267-329

Fc
γR

III
aV

Fc
γR

IIb
Fc

γR
I 

Fc
γR

IIa

KD: 6.2 x 10-8

KD: 8.34 x 10-7

KD: 2.18 x 10-6

KD: 3.1 x 10-8



 
 

98 

 

 Next, we determined the binding affinity of the high affinity variant of FcγR3a, 

FcγR3aV. Wild-type IgG1 showed an affinity of 31nM. Neither NST-267, NST329, nor 

the double mutant NST-267-329 showed any binding at all for FcγR3a by SPR.  

Hyperglycosylated IgG mutants retain their ability to bind to the neonatal Fc 

receptor FcRn:  

Next, we determined the binding capability of wild-type Fc and each mutant to bind to 

the neonatal Fc receptor FcRn as this receptor imparts IgG isotypes with their 

respectively long half-lives through IgG recycling. The wild-type IgG1 molecule 

displayed a KD of 1.0uM for the receptor FcRn at lysosomal pH 6.0. Conversely, at 

physiological pH 7.4, no binding was detected. The mutant NST-267 had a KD of 1.2uM 

at pH 6.0 while no binding at pH7.4. The mutant NST-329 had a KD of 810nM with no 

binding at pH 7.4. Additionally, the double mutant NST-267-329 had grossly the same 

KD at pH 6.0 as the other molecules at 1.4uM while displaying zero binding at pH 7.4 In 

total, each mutant retained normal FcRn binding at pH 6.0 while still being able to 

release at pH 7.4.  
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Figure 4.3: Surface Plasmon Resonance of FcRn binding to IgG molecules  

(A) Sensorgram of IgG1 wild-type at pH 6.0 and pH 7.4 with KD labelled. (B) Sensorgram of 
NST-267 at pH 6.0 and pH 7.4 with KD labelled. (C) Sensorgram of NST-329 at pH 6.0 and pH 
7.4 with KD labelled. (D) Sensorgram of NST-267-329 at pH 6.0 and pH 7.4 with KD labelled. 
 
5.4 Discussion: 
 
Altogether, our data indicates that ablating Fc𝛾 receptor binding by adding in targeted 

glycosylation sites is a sound bioengineering strategy. As seen by our crystal structures, 
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the added glycosylation sites do not fundamentally change the overall architecture of an 

Fc; rather, these sites solely serve to add in glycans to desired areas. Additionally, Fc𝛾 

receptor binding is disrupted with our mutants. This is most likely due to steric clashes 

imparted by glycans blocking of receptor/Fc binding areas. Furthermore, as seen by our 

FcRn binding, these mutations would not disrupt IgG recycling, as they bind with the 

same relative affinity between all mutants and the wild-type IgG molecule while still 

being released at physiological pH. The next step in these studies is an in-vitro assay with 

NK cells to test their ability to stop ADCC.  
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Chapter 5: Discussion and Conclusion 
 
5.1 The Structural Basis of IL-1 Family Cytokines: 
 
5.1.1 Significant Findings 
 
Since the discovery of IL-1 in the second half of the 20th century, structural biology has 

increased our understanding of IL-1 family signaling. To date, a multitude of high-

resolution structures of cytokines and cytokine/receptor complexes have been 

determined. A commonality between all cytokines and receptors currently solved is their 

structural homology. Indeed, all known IL-1 family cytokine structures have a β-trefoil 

architecture surrounding a hydrophobic core. Additionally, the extracellular domains of 

the receptors of the IL-1 family typically are composed of three Ig-domains, with the 

notable exception of the single Ig IL-1 related receptor (SIGIRR).  

In addition to the structural similarity shared between members of the IL-1 

family, there exists an extraordinary redundancy of cytokines capable of binding the 

same cognate receptor. As example, IL-1α, IL-1β, and IL-1Ra all bind IL-1RI, as well as 

IL-1RII, albeit with different affinities. In addition, IL-36α, IL-36β, IL-36γ, and the 

antagonist IL-36Ra all bind IL-36R.  

The diversity and promiscuity of binding partners is not limited to 

cytokine/primary receptor pairs, however. IL-1, IL-33, and IL-36 cytokine/receptor 

complexes all share a common co-receptor: IL-1RAcP. In total, IL-1RAcP has the 

capacity to interact with eight different cytokine/receptor pairs. To date, three ternary 

complexes of two different signaling pathways have been determined within the IL-1 

subfamily: the IL-1 and IL-33 signaling complexes.  



 
 

102 

The determination of the IL-33 signaling complex led to a striking series of 

discoveries. While grossly similar to the IL-1 complex, exhibiting an RMSD of 3.2Å2 

over their Cα atoms, the IL-33 signaling complex utilizes IL-1RAcP differently. First, as 

IL-33 holds ST2 in a conformation able to recruit IL-1RAcP rather than IL-33 making 

extensive contacts with IL-1RAcP itself, the IL-1RAcP interface is spread throughout the 

entirety of ST2; conversely, the entirety of the interface of IL-1RAcP interacts with ST2 

rather than being localized in domain 2 as with IL-1/IL-1RI. Additionally, as there is 

approximately a 60° rotation of D3 of IL-1RAcP in comparison to the IL-1 signaling 

complex, a larger surface area is presented to ST2 than IL-1RI, resulting in a larger 

energetic contribution from this area in complex formation along a different stretch of 

residues in IL-1RAcP than in the IL-1 complex. This all culminates in a vastly different 

interface than the IL-1/IL-1RI complex, although they both utilize the same shared four 

regions on IL-1RAcP: the c2d2 loop, the hydrophobic patch, the linker, and D3. 

5.1.2 Future Directions:  
 
While much is known of the structural biology of IL-1 family signaling, one major group 

of binary and ternary complexes have yet to be solved: the IL-36 family. To date, only 

one agonist cytokine and one antagonist cytokine from this group, IL-36𝛾 and IL-36Ra, 

respectively, have been solved by x-ray crystallography. There remains IL-36𝛼, IL-36𝛽, 

all four binary structures, and all three ternary structures to determine. The procurement 

of an IL-36 binary complex as well as an IL-36 ternary complex would provide useful 

information concerning the particulars of IL-1RAcP engagement. As seen between IL-1 

and IL-33, utilization of IL-1RAcP is different between the two and, likely, is utilized 

differently by the IL-36 family. Beyond the basic science, such knowledge could open 
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the door to further therapeutic interventions against aberrant IL-36 signaling, such as 

psoriasis. Indeed, by understanding the interactions between an agonist cytokine and its 

primary receptor, decoy proteins, such as IL-18BP, DNA aptamers, such as SL1067, or 

super antagonist cytokines, such as EBI:005, could be designed against IL-36 cytokines. 

Furthermore, when a full ternary complex structure is obtained, antibodies against IL-

1RAcP specific for IL-36 signal inhibition could be designed, as seen by our studies with 

CAN03 and CAN04 with regards to IL-1 and IL-33 signaling inhibition.  

On a similar note, epitopes on IL-1RAcP may be discovered that block all IL-1 

sub-family members, leading to the development of pan IL-1 sub-family blocking 

antibodies. Evidence would suggest that this epitope would be contained on D2 of IL-

1RAcP, including the c2d2 loop and hydrophobic patch. Indeed, while CAN04 directly 

targeted the c2d2 loop, further iterations of anti-IL-1RAcP antibodies could be tailored to 

fully block IL-1, IL-33, and, possibly, IL-36 signaling by targeting this area, in 

conjunction with the hydrophobic patch, at a different angle. 

5.2. Molecular basis of selective cytokine signaling inhibition by antibodies 
targeting a shared receptor 
 
5.2.1 Significant Findings: 
 
Our results indicate that targeting the shared receptor IL-1RAcP is a viable therapeutic 

strategy for selective cytokine inhibition. CAN04, an anti-IL-1RAcP antibody, proved 

especially potent at inhibiting IL-1. Indeed, as compared to the natural antagonist IL-1Ra, 

CAN04 was three-fold more potent at IL-1 signaling inhibition. As IL-1Ra, known 

pharmacologically as Anakinra, is the gold standard of treating IL-1 mediating diseases, 

CAN04 may prove useful therapeutically against a myriad of diseases.  
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CAN04’s potency did not translate to IL-33 signaling inhibition, however, as 

CAN04 was five-fold less potent than the natural antagonist sST2. This was due to the 

broadness of the IL-33/ST2 interface on IL-1RAcP. CAN03 was even more selective for 

IL-1 inhibition, displaying 190-fold worse signal inhibition as compared to sST2 while 

only 25-fold worse against IL-1 signaling as compared to IL-1Ra.   

 Through our studies, we show that selective cytokine signaling through targeting 

a shared receptor is a feasible therapeutic strategy. Indeed, the selective signaling of these 

respective antibodies was due to the respective epitopes they targeted. CAN03 was a poor 

inhibitor to IL-1 signaling due to it binding the D3 as well as not directly blocking 

residues integral to IL-1/IL-1RI recruitment. Due to a 64 degree turn of D3 in the IL-33 

ternary complex, this epitope was even worse for IL-33 signaling inhibition. CAN04 was 

especially potent against IL-1 signaling due to it targeting the c2d2 loop, and area on IL-

1RAcP known for its energetic contributions to IL-1 signaling complex formation.  

 The bi-specific antibody was a potent inhibitor of both IL-1 and IL-33 signaling, 

acting synergistically to inhibit cytokine signaling. This is not wholly surprising. While 

CAN04 is perfectly positioned to be an inhibitor of IL-1 signaling, the interface of IL-

33/ST2 is diffuse. The addition of CAN03 to CAN04 on a single molecule allowed the 

bi-specific antibody to most probably bind both D2 and D3 simultaneously, blocking the 

entirely IL-1RAcP interface.  

5.2.2 Future Directions: 
 
In our PISA analysis, an area of interest was immediately identified for selective IL-33 

inhibition: the D3. While CAN03 selectively inhibited IL-1 over IL-33 by targeting the 

D3, the converse could be achieved by targeting a different epitope on D3. Indeed, 
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residues V221-V232 are perfectly positioned to be targeted for selective IL-33 signaling 

by an antibody, nanobody, or engineered peptide as they are not shared between IL-1 and 

IL-33 signaling complexes. There are numerous ways to explore this type of epitope 

targeting and will undoubtedly be pursued.  

 Furthermore, shared receptors abound within cytokine signaling. Our findings 

could easily be extended to other cytokine/receptor signaling complexes. Indeed, within 

the class I cytokine receptor family, three shared receptors, the common gamma chain 

(γc), gp130, and the common beta chain (βc), are involved in nearly 20 different cytokine 

complexes [127]. Within the class II cytokine receptor family, four shared receptors are 

involved in 9 different cytokine complexes [128].  

5.3. The Rational Design of IL-33 Antagonists  
 
5.3.1 Significant Findings:  

By combining two technologies (hetero-dimeric Fc generation and Fc-fused receptors), 

we were able to create a library of IL-33 antagonists that utilized the naturally high 

affinity that IL-33 has for its primary receptor and potentially increase the therapeutic 

half-life through IgG recycling. In vitro, two antagonists, the cytokine trap and the 

asymmetric trap, were three-fold more potent than the natural antagonist sST2. When 

analyzed by SPR, the cytokine trap had a prohibitively slow off-rate, lending credence to 

the idea that the inclusion of the secondary receptor imparted stability to the overall 

complex. In the asymmetric trap, it is most probable that the increased stoichiometry of 

two ST2 molecules per Fc, as well as the increased freedom of movement of the 

asymmetric geometry, allowed for this construct’s potency against IL-33 signaling.  

5.3.2 Future Directions:  
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Altogether, our research provides a strong framework for future studies with our traps. 

Indeed, the “cytokine trap” shows great promise as a putative therapeutic against aberrant 

IL-33 signaling. Future iterations of these traps could also include improvements that 

further stabilize the ternary complex, leading to an increase in potency. This could be 

achieved by utilizing yeast display technology, wherein IL-1RAcP is selectively evolved 

to increase affinity to the IL-33/ST2 binary complex. Additionally, the asymmetric trap 

shows promise due to its ability have two different receptors per one Fc molecule. One 

could easily imagine an instance where two different primary receptors were attached to 

one Fc molecule, such as ST2 for IL-33 and IL-13 receptor α1 (IL-13R α1) for IL-13. 

Although a combination of these two ideas would be the double trap, more engineering 

needs to be done to create the right construct for mammalian expression.  

 While these molecules were well suited to fill the niche of IL-33 antagonism, they 

are by no means limited to this cytokine. The entire IL-1 family is well suited for this 

strategy of engineered cytokine signaling inhibition, especially considering that many 

share IL-1RAcP as their co-receptor. Furthermore, these molecules could be extended 

beyond this family into type 1 family or type 2 family of cytokines. Indeed, any receptor 

complex that utilizes less than or equal to two receptors per target molecule is amenable 

to this type of design.  

 
5.4. Silent Antibodies: the generation of hyperglycosylated IgG1 molecules 
 
5.4.1 Significant Findings:  

In our studies, we devised a strategy to ablate Fc𝛾 receptor binding by adding in 

glycosylation sites into an IgG molecule. Through SPR analysis, we determined that 

these mutations rendered our IgG molecules “silent” to all Fc𝛾 receptor interactions, 



 
 

107 

including Fc𝛾RI, Fc𝛾RIIa, Fc𝛾RIIb, and Fc𝛾RIIIa. As seen by our crystal structures, 

these mutations did not alter the overall structure of the Fc molecule. In addition, these 

mutations did not affect FcRn binding, potentially allowing for these molecules to have 

normal IgG recycling in-vivo. Ultimately, these studies could allow for therapeutic decoy 

receptors or neutralizing antibodies to be administered without downstream 

immunological activation.  

5.4.2 Future Directions:  

 While the initial biophysical work has been completed with these “silent 

antibodies,” thorough in-vitro characterization would lend credence to their suitability in 

a therapeutic context. To that end, we plan to conduct ADCC assays to determine that 

they do ablate NK cell interactions via CD16a. In addition, we are currently exploring 

mutations that ablate complement component c1q binding and will couple these studies 

with an in-vitro CDC assay.  

Ultimately, these hyperglycosylated Fcs could be used for myriad purposes. First, 

as these antibodies block ADCC while retaining C1q binding, they could be used to 

delineate effector functions of antibodies within numerous mouse models. Through 

studying which effector functions mediate protection in a disease model, important 

information could be gained on the productive immunological response to a particular 

disease. To aid in this endeavor, our hyperglycosylated Fcs could be expanded upon, 

wherein we designed antibodies that bound Fc𝛾	receptor and not C1q or antibodies that 

bound neither Fc𝛾	receptor nor C1q. Indeed, early evidence indicates that glycosylation 

of K322 on an Fc homodimer could ablate c1q binding.  
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 Therapeutically, ways to use these hyperglycosylated Fcs abound. As our 

glycosylation sites can ablate the downstream consequence of antibody binding in the 

context of Fc𝛾	receptor function, these mutations could be added into numerous 

molecules, such as our cytokine traps. By combining IL-1 or IL-33 cytokine traps with 

our hyperglycosylated mutants, we can achieve the desired blocking of inflammatory IL-

33 signaling while not contributing any inflammation of Fc𝛾	receptor interactions.  

5.5. Conclusion: 
  
 IL-1 family signaling is an integral component of an inflammatory immune 

response, orchestrating both innate and adaptive immune systems to act against myriad 

pathogens through inflammatory signaling. Dysregulation of this signaling, in turn, can 

lead to a number of auto-inflammatory and auto-immune diseases. Through structural 

biology, a wealth of information has been gained on how IL-1 family complexes function 

and the idiosyncrasies of each subfamily. By utilizing structural based knowledge of IL-1 

family signaling, we have gained insight into ways to modulate inflammation and, 

possibly, to harness this knowledge for our own therapeutic benefit.  
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