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Abstract 

The cytokine IL-23 is a pro-inflammatory messenger molecule, involved in 

upregulating the immune response after infection by fungal and bacterial 

pathogens. The pathway is also crucial to the induction and maintenance of 

several auto-inflammatory diseases, including Psoriatic Arthritis, Plaque 

Psoriasis, Crohn’s Disease and Ulcerative Colitis. Over the last decade anti-IL-

23 antibody drugs have been developed and shown to be effective treatments for 

these conditions. However, despite the proven efficacy of drugs targeting the IL-

23 pathway, little is known about the ligand binding and activation mechanism 

of the receptor, which is made up of the receptor chains IL23R and IL12Rβ1. 

Further pharmacological characterisation of the receptor could enable the 

targeting of the receptor with alternative modalities such as small molecule or 

peptide antagonists.  

In this project, proximity-based techniques are utilised to quantify the interaction 

of IL-23 with its receptor and to probe how engagement of ligand leads to 

activation of signalling. Initially a NanoBRET ligand binding assay was created 

and used to quantify the interaction between a fluorescently tagged version of 

IL-23 and the full-length N-terminally NanoLuc labelled receptor components 

IL23R and IL12Rβ1, expressed individually and together in the membranes of 

living cells. An intra-receptor NanoBRET assay was also used to measure the 

formation of receptor complexes and changes in the relative positions of the N-

terminal domains of the receptor. The results from these experiments 

demonstrated that the IL-23 receptor complex forms in the absence of ligand, 

with subsequent binding of cytokine to the high affinity binding site initiating a 

potent change in the conformation of the N-terminal domains of the receptor. 

Further study of receptor heteromer formation using split luciferase 

complementation and measurement of receptor activation with a phospho-

STAT3 AlphaLISA assay, confirmed that receptor components formed inactive 

complexes in the absence of ligand, that could be activated through addition of 

IL-23. This technique also allowed the induction of ligand independent 

signalling complexes through the high affinity crosslinking of the receptor N-

terminal domains in certain conformations. 



4 

 

The assays developed were then utilised to characterise receptor antagonists 

including a cyclic peptide from an emerging class of IL23R inhibitors, which 

was subsequently developed into a probe specific to the IL23R:IL-23 interface. 

Finally, the effect of several disease relevant mutations of IL23R on ligand 

binding, conformational change and activation were tested, demonstrating that 

the mechanism of action of the C115Y mutation is disruption of the interaction 

between IL23R and IL-23. 
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Chapter 1. Introduction 

1.1 General introduction 

The cytokine interleukin-23 (IL-23) is a pro-inflammatory signalling molecule 

involved in the immune system’s response to pathogens through the induction 

and maintenance of pro-inflammatory immune responses (Floss et al., 2015). 

Loss of function in IL-23 pathway genes can lead to compromised immunity but 

has also been shown to be protective against auto-inflammatory disorders 

(Martínez-barricarte et al., 2018; Staels et al., 2022). The cytokine is a successful 

drug target for anti-IL-23 therapeutics and peptide antagonists of the receptor 

are in development (Chyuan and Lai, 2020; Sayago et al., 2018). Despite the 

therapeutic importance of the IL-23 pathway, the mechanism by which ligand 

binding leads to activation of the receptor remains unclear with a conserved 

mechanism of activation remaining a matter of controversy in the wider cytokine 

receptor field (Bloch et al., 2018; Sivanesan et al., 2016).  

The IL-23 cytokine is made up of two di-sulphide linked proteins IL23p19 and 

IL12p40. The IL-23 receptor is formed of two single transmembrane domain 

proteins; IL23R and IL12Rβ1 which transduce the binding of IL-23 through the 

trans-phosphorylation of constitutively associated Janus Kinase (JAK) proteins. 

Signalling is then transduced by the phosphorylation of further signalling 

molecules, for example STAT3, which are phosphorylated by these activated 

JAK proteins (Floss et al., 2015). 

This project aims to use proximity-based, target engagement techniques to 

measure the engagement of ligand by the IL-23 receptor expressed on living 

cells, gain insights into how binding leads to signal transduction and generate 

tools for further pharmacological study of the receptor.  

1.2 Conserved structural features of cytokines and cytokine 

receptors  

The function of cytokines and their receptors is mediated by their specialised 

structures. In this section the conserved features of cytokines and cytokine 

receptors will be introduced before the specific structural features of the IL-23 

cytokine receptor are discussed in detail. 
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Cytokines and their receptors are a diverse family of proteins grouped primarily 

by their function in transmitting intercellular signals relating to the immune 

response (Brocker et al., 2010). The super family of signalling molecules is 

broadly split into six families: the interferons, tumour necrosis factors (TNFs), 

tumour growth factors (TGFs), chemokines, colony stimulating factors (CSFs) 

and interleukins (Table 1-1; Akdis et al., 2016; Hamilton, 2008; Zlotnik and 

Yoshie, 2012). Cytokines are generally mono, dimeric or trimeric proteins which 

signal through single transmembrane domain containing receptors with the 

exception of the chemokine family which signal using class A G-Protein 

Coupled Receptors (GPCRs) (Akdis et al., 2016; Zlotnik and Yoshie, 2012). 

Other than receptor serine/threonine and tyrosine kinases most of these single 

pass receptors lack intrinsic catalytic activity and instead signal through 

constitutively associated signal transducers (Vander Ark et al., 2018). The 

interleukins are the largest and most structurally diverse group of cytokines, 

made up of four subfamilies grouped by their shared structural features: these 

are the IL-1 type, class I helical, class II helical and IL-17 types (Akdis et al., 

2016; Brocker et al., 2010).    
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Cytokine 

Family  

Structural 

Features of 

Cytokines 

Receptors 

Subtypes 

Structural 

Features of 

cytokine receptors 

Key Signal 

Transducers 

Interferons 

(Walter, 

2020) 

Monomeric α-

helical 

bundles 

Class II 

cytokine 

receptors 

Heterodimers of 

single TMD 

proteins. 

JAK/STAT 

pathway 

TNFs 

(Dostert et 

al., 2019) 

Homo-

trimeric 

complexes of 

THR 

containing 

proteins   

TNF 

receptors  

 Trimeric 

complexes of 

single TMD 

proteins. 

TRADD/TRAF 

pathway, 

FADD, RIPK-1 

etc. 

TGFs 

(Hinck, 

2012) 

Disulphide 

linked 

homodimeric 

complexes 

Receptor 

Serine/Thr

eonine and 

Tyrosine 

Kinases 

Homodimers with 

intrinsic catalytic 

activity 

Smads 

CSFs 

(Hamilton, 

2008) 

Homodimeric 

and 

monomeric 

Mixed Hetero and 

homodimeric 

Class I Cytokine 

receptors / 

homodimeric 

receptor tyrosine 

kinase  

JAK/STAT 

pathway 

Chemokines 

(Zlotnik and 

Yoshie, 

2012) 

Monomeric 

peptides with 

intramolecula

r disulphide 

bonds 

Class A 

GPCRs 

Seven 

transmembrane 

domain 

containing 

monomers 

Gαi proteins, β 

arrestin 

Interleukins  

(Brocker et 

al., 2010) 

Monomers 

and dimers 

often 

consisting of 

α-helical 

bundles  

Class I and 

II cytokine 

receptors 

Hexamers/dimers 

of single TMD 

proteins. 

JAK/STAT 

pathway 
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Table 1-1: An overview of the structural features of cytokines and their receptors. A table 

summarising the general features of each Cytokine family. Review articles summarising the 

structural features of each of the families are included in the first column. TNF = Tumour 

necrosis factor, TGF = tumour growth factor, CSF = Colony stimulating factor, THR = TNF 

homology region, TRADD = TNF receptor type 1-associated DEATH domain protein, TRAF = 

TNF receptor associated factor, FADD = Fas-associated DEATH domain protein and RIPK-1 = 

Receptor-interacting serine/threonine-protein kinase 1. 

A structurally conserved group of single pass receptors termed ‘cytokine 

receptors’ sense interleukins, some CSFs and interferons in addition to other 

hormones such as Erythropoietin (EPO) (Figure 1-1) (Spangler et al., 2015). The 

cytokine receptor superfamily is divided into class I or class II receptors sub-

classes with class I receptors containing a characteristic WSxWS motif (Olsen 

and Kragelund, 2014). Both receptor classes are characterised by an N-terminal 

structured extracellular domain (ECD), a helical transmembrane domain (TMD) 

and disordered intracellular domain (ICD) (Pang and Zhou, 2012; Spangler et 

al., 2015). 

The class I or haemopoietic cytokine family is further divided into the 

homodimeric, γc containing, βc containing and gp130 containing families, with 

the latter three groups being characterised by the sharing of common receptor 

chains (Akdis et al., 2016; Spangler et al., 2015). All class I cytokine receptors 

share at least one cytokine homology region made up of two type III fibronectin 

domains, containing two disulphide bridges and a WSxWS motif, which has 

been suggested to interact with the extracellular matrix (Olsen and Kragelund, 

2014). The receptors may also exhibit additional fibronectin domains, 

immunoglobulin domains and stalk regions in their ECDs (Spangler et al., 

2015).  
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Figure 1-1: Structural features of the cytokine receptor family. Schematic highlighting the 

conserved structural features of the cytokine receptor family. Each receptor that shares the same 

series of domains is highlighted at the N-terminus of the appropriate cartoon structure. Receptors 

are separated into sub-groups based on structural homology as shown at the C-terminus of the 

cartoon.  

There are limited structures available of the class I cytokine receptors and of 

cytokine receptors as a whole. A quarter of class I receptors have no solved 

structures, with six structures of the parts of the ICDs in complex with signal 

transducers available and the remaining structures being fragments of the ECD 

(Seiffert et al., 2020). No high-resolution structures have been solved of class I 
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TMDs although several studies have gained structures using nuclear magnetic 

resonance (NMR) (Metcalfe et al., 2020; Seiffert et al., 2020). 

1.2.1 The IL-6 and IL-12 cytokine and receptor family 

Within the gp130 sub-family of cytokine receptor chains, (which are named for 

their structural homology or shared complexes with the gp130 receptor chain) 

there is a further division between the IL-6 like and IL-12 like receptor families. 

The IL-6 like cytokine and receptor family is characterised by a conserved four 

helix bundle cytokine structure and heteromeric receptors made up of pairings 

with gp130 (Metcalfe et al., 2020). The IL-6 receptor is made up of two gp130 

molecules and two IL6R molecules which collectively engage two IL-6 

molecules to form a hexameric complex (Figure 1-2) (Boulanger et al., 2003).  

 

Figure 1-2: The hexameric IL-6 cytokine-receptor complex. A combined cartoon and crystal 

structure schematic demonstrating the hexameric IL-6 cytokine-receptor complex. The two 

IL6R receptor chains are shown in purple, the two gp130 receptor chains are shown in green and 
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the two IL-6 cytokine molecules are shown orange. Crystal structure (A 2:2:2 stochiometry of 

IL-6, gp130 D1-3 and IL6R D2-3) is PDB:1P9M (Boulanger et al., 2003). The remaining 

structure is a cartoon with squares representing immunoglobulin domains and ovals 

demonstrating fibronectin domains.  

The IL-12 like cytokine group is characterised by the heterodimeric 

promiscuous pairing of four helix bundle ‘alpha’ components homologous to IL-

6 with either IL12p40 or Epstein Barr virus induced gene 3 (EBI3) ‘beta’ 

components (Figure 1-3) (Vignali and Kuchroo, 2012). These beta components 

are thought to originate from cytokine receptor chains and are structurally 

homologous to gp130 (Lupardus and Garcia, 2008). Four heterodimeric IL-12 

family members have been observed in humans with a fifth member IL-39 found 

in mice (Bridgewood et al., 2019; Hasegawa et al., 2016). These are formed of 

disulphide linked dimers of IL12p40 with IL12p35 (IL-12) and IL12p40 with 

IL23p19 (IL-23) and non-disulphide linked dimers of IL27p28 with EBI3 (IL-

27) and IL12p35 with EBI3 (IL-35) (Figure 1-3; Hasegawa et al., 2016). IL-27 

has been reported to have both pro and anti-inflammatory properties and is 

antagonistic to IL-23 by inhibiting Th17 differentiation (Beizavi et al., 2021; 

Yoshida and Hunter, 2015). IL-35 has been reported to have immunosuppressive 

properties and is also thought to act in an antagonistic way to IL-23 by blocking 

Th17 differentiation (Zhang et al., 2019).  
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Figure 1-3: The cytokines and receptors of the IL-12 family. IL-12 family member cytokines 

are shown with their corresponding receptors. The disordered domains, cell membrane and 

associated JAK proteins are depicted as cartoons. Other cytokines related to the IL-12 family 

are also shown for reference. Structures shown are models taken from the Alphafold database 

(www.alphafold.ebi.ac.uk) unless a crystal structure was available (Jumper et al., 2021). Crystal 

structures used were PDB: 1F45 (IL-12 and IL-12p35), 6WDQ (IL12p40, IL23p19 and IL23R 

in complex with IL-23), 3L5H (gp130) and 3L5H (IL-6). Where no structure exists of cytokine 

subunits in complex, subunits are depicted as non-linked pairs. 

IL-6 was the first member of the IL-6/IL-12 family to be discovered and is the 

most studied member of the group. The structural similarity of the family led 

researchers to hypothesise that the IL-12 family cytokines engaged their 

receptors in a similar fashion to the hexameric IL-6 complex (Figure 1-2) with 

both receptor chains engaging the alpha component of the cytokine and the beta 

chain increasing the affinity of this interaction (Vignali and Kuchroo, 2012). It 

has now been established however that both IL-23 and IL-12 engage their 

receptors through interactions with both cytokine components (Glassman et al., 

2021). IL-27 has been demonstrated to signal through a complex made up of the 

receptor components IL27R and gp130 (Yoshida and Hunter, 2015) and IL-35 

has been reported to signal through several receptor complexes made up of 

heteromers of  IL-12Rβ2 and gp130 or IL-12Rβ2 and IL27R and homomers of 

IL-12Rβ2 or gp130 (Collison et al., 2012). IL27p28 has also been shown to 

interact with the protein Cytokine Receptor Like Factor 1 (CRLF1) to form an 

additional heterodimeric cytokine which, most likely signals through a trimeric 

receptor made up of IL6R, IL27R and gp130 (Guilhot et al., 2009). 

The promiscuous pairing of the IL-12 cytokine family indicates the possible 

existence of further heterodimeric cytokines beyond those outlined here, for 

example the IL23p19/EBI3 heterodimer IL-39 which has been discovered in 

mice but not yet in humans (Figure 1-3; Bridgewood et al., 2019; Wang et al., 

2016). There have been further reports of an murine expressed IL12p40/EBI3 

(Lee et al., 2022) and IL23p19/CD5 antigen-like (CD5L) heterodimer 

(Hasegawa et al., 2016) and the hypothetical combinations of IL12p35 with 

CRLF1 (Detry et al., 2019) and IL27p28 with IL12p40 (IL-Y)  (Flores et al., 

2015) have been recombinantly expressed in mammalian cells. 
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In addition to the heterodimeric members of the IL-12 family, IL12p40 is also 

found in a homodimeric form IL12p80, which has been reported to have 

antagonistic activity against IL-12 signalling and to induce its own signalling 

pathway (Gillessen et al., 1995; Jana and Pahan, 2009; Mondal et al., 2020). IL-

12 family cytokine constituents have also been reported to be secreted as 

monomers, IL12p40 for example has been shown to act as an endogenous 

antagonist of both IL-12 and IL-23 activity (Mondal et al., 2020) and the 

cytokine IL-30 is made up of monomeric IL27p28 (Hasegawa et al., 2016). IL-

30 is thought to be able to signal in a similar fashion to IL-6, binding to common 

receptor structures including sIL6R to enable trans-signalling (Garbers et al., 

2013). The cytokine component IL23p19 has also been reported to be secreted 

in isolation and may act as an agonist of STAT3 signalling through interactions 

with gp130 (Espígol-Frigolé et al., 2016). There are indirect indications that 

EBI3 can be secreted in isolation, as EBI3 is not disulphide linked to IL27p28 

in IL-27 or IL12p35 in IL-35, the peptide may facilitate trans-signalling with 

these molecules in a similar way to the sIL6R:IL6 complex (Hasegawa et al., 

2016). Indeed it has been reported that EBI3 can induce IL-6 trans-signalling by 

associating with IL-6 and inducing signalling on cells expressing gp130 but not 

IL6R (Chehboun et al., 2017). It has been demonstrated that IL23R but not 

IL12Rβ1 surface expression is related to both EBI3 and calnexin expression, 

indicating that EBI3 acts as a calnexin mediated chaperone of IL23R folding and 

membrane insertion (Mizoguchi et al., 2020).      

1.3 The structure of IL-23 and its receptor 

1.3.1 The structure of IL-23 

IL23p19 is an 18.7 kDa protein composed of four α helices (termed A, B, C and 

D). The protein contains an internal disulphide link between Cys58 and Cys70 

and is disulphide linked to IL12p40 via Cys54 which is located on the loop 

between A and B (Lupardus and Garcia, 2008). IL23p19 is homologous to other 

4 helical cytokines with the highest similarity to IL-6 (Lupardus and Garcia, 

2008). IL12p40 is a 34.7 kDa glycosylated protein composed of three domains 

(termed D1, D2 and D3), linked to IL23p19 via Cys177 with the binding 

interface located between D2 and D3 (Lupardus and Garcia, 2008). Several 

features of the structure of IL12p40 indicate that the protein has an evolutionary 
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history as a receptor (Yoon et al., 2000). For example D1 of IL12p40 shares 

strong homology the immuno-globulin domain typically found in type 1 

cytokine receptors and contains an internal disulphide link (Lupardus and 

Garcia, 2008). IL12p40 D2 and D3 represent the cytokine binding region with 

D2 containing two conserved internal disulphide bridges at Cys109-120 and 

Cys148-171 that are typical of this domain and D3 containing the signature 

WSXWS (WSEWAS in IL12p40) motif which is conserved across this receptor 

type and a further disulphide bridge (Lupardus and Garcia, 2008). The 

evolutionary origins of IL12p40 as a receptor are likely related to the 

phenomenon of trans-signalling in which alternative splicing or protein cleavage 

creates protein isoforms consisting of the soluble receptor extracellular domain. 

Soluble receptors can then associate with cytokines to enable signalling on cells 

that only express one receptor subunit, as has been shown for the closely related 

IL6R (Rose-John, 2012).  

Several crystal structures have been solved of the IL-23 cytokine, the first of 

these resolved the post translational modification of an asparagine linked 

GlcNAc group emanating from N200 (Bloch et al., 2018). Subsequent studies 

confirmed this and suggested that glycosylation also occurs at N281 (Beyer et 

al., 2008). A study measuring the secretion of wildtype and glycosylation null 

mutants of IL-12 family members by HEK293T cells demonstrated that non-

glycosylated IL-23 was still secreted (Bohnacker et al., 2020). The researchers 

also showed that non-glycosylated IL-23 has no significant change in its ability 

to stimulate IL-17 production in Peripheral Blood Mononuclear Cells (PBMCs) 

and a slight decrease in the activation of signalling in a reporter cell line 

(Bohnacker et al., 2020). The function of IL-23 glycosylation has yet to be 

determined. 
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1.3.2 The structure of the IL-23 receptor 
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Figure 1-4: Key structural features of the IL-23 cytokine-receptor complex. A schematic 

containing, AlphaFold modelled, crystal structure and cartoon representations of the IL-23 

receptor engaging its ligand. The crystal structure of D1-3 of IL23R and D1 of IL12Rβ1 in 

complex with IL-23 (PDB: 6WDQ) is shown separated from the remainder of the structure by 

dashed lines. The Alphafold modelled structures of the IL23R TMD with membrane proximal 

ICD and IL12Rβ1 D2, 3, 4, 5 and TMD were taken from www.alphafold.ebi.ac.uk (Jumper et 

al., 2021). The remainder of the structure (IL23R stalk and ICDs) is represented by cartoon lines 

as an indicator of their disordered nature. IL23R is shown in orange, IL12Rβ1 in purple, IL23p19 

in blue, IL12p40 in green and associated JAK proteins in grey. The same colour scheme will be 

used in cartoons of the receptor throughout this thesis. 

The IL-23 receptor is made up of two single TMD receptors IL23R and IL12Rβ1 

(Figure 1-4) (Parham et al., 2002). IL12Rβ1 is a class I cytokine receptor made 

up of 662 amino acids with strong homology to gp130 (a class I cytokine 

receptor involved in IL-6 signalling) (Chua et al., 1994). Like IL12p40, IL12Rβ1 

is also a subunit of the IL-12 cytokine-receptor complex (Chua et al., 1994). 

IL12Rβ1 has a five-domain ECD spanning from residues 24-545 meaning that 

the majority of the protein is extracellular (Chua et al., 1994). The ECD of the 

receptor is made up of five type III fibronectin domains termed D1-5 (Chua et 

al., 1994). The N-terminal domains D1 and D2 have homology to cytokine 

binding domains with characteristic two disulphide bridge structure in D1 and a 

WSxWS motif (WSKWS in IL12Rβ1) in D2 (Chua et al., 1994). IL12Rβ1 has 

a 24 amino acid predicted TMD (Leu546-Leu570) and a 91 amino acid ICD 

(Chua et al., 1994). IL12Rβ1 has been shown to associate with and signal 

through the JAK kinase TYK2, the ICD contains a Box 1 region of with a 

LCPPLPTP motif and a Box 2 motif with an EASLQEALVVE motif (Chua et 

al., 1994) that have been shown to be essential for TYK2 association and 

activation in the murine homolog of IL12Rβ1 (Floss et al., 2016). There are no 

tyrosine residues in the ICD of IL12Rβ1 which indicates that no canonical STAT 

motifs are present (Floss et al., 2016). There are three potential binding motifs 

for casein kinase II (CK2) within the C-terminal region of IL12Rβ1 at Ser588 

(SAIE), Ser612 (SLQE) and Ser651 (SLED) which have been predicted based 

on the consensus SXXE/D CK2 motif however there have yet to be functional 

studies on these sites to test their role in CK2 binding.  

http://www.alphafold.ebi.ac.uk/
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IL12Rβ1 has been reported to be expressed in two near identical isoforms 

(isoform 1 and 1b) differing by only 2 C-terminal amino acids (van de Vosse et 

al., 2013), as yet there have been no functional studies to assess differences 

between these isotypes. A third soluble isoform of IL12Rβ1 (isoform 2) has also 

been reported to be secreted (Ford et al., 2012; van de Vosse et al., 2013). The 

expression of this isoform has been reported to be influenced by cell stimulation, 

with one study showing isoform 2 is downregulated after stimulation of 

leukocytes with phytohemagglutinin (PHA) (van de Vosse et al., 2013) and other 

studies showing that challenge of dendritic cells with M. tuberculosis led to 

higher secretion of isoform 2 with this isoform giving greater protection from 

infection in mice (Ray et al., 2015; Robinson et al., 2010).  

IL23R is a 629 amino acid (including a 23 amino acid signal peptide) protein 

that has homology to other long chain class I cytokine receptors (Parham et al., 

2002). The receptor contains an N-terminal immunoglobulin domain and two 

cytokine binding domains in its ECD termed D1, D2 and D3 that include the 

characteristic twin disulphide bridges in D2 and WSxWS motif in D3, in the 

case of IL23R this motif manifests as WQPWS (Parham et al., 2002). Although 

the N-terminal region of IL23R shares common domains with other members of 

the class I cytokine receptor family the protein is atypical due to its three-domain 

structure, with most receptors in this family exhibiting five extracellular 

domains, in place of these domains IL23R exhibits a disordered ‘stalk’ region 

(Parham et al., 2002). Crystal structures of the D1, D2 and D3 domains of the 

ECD of IL23R in complex with IL-23, reveal that binding of IL23R to IL-23 is 

mediated exclusively through an interaction of D1 with IL23p19 (Bloch et al., 

2018; Glassman et al., 2021). The critical residues for this interaction have also 

been confirmed in mutational studies and mapping of the binding interface 

through Hydrogen Deuterium Exchange (HDX) (Sayago et al., 2018; Schroder 

et al., 2015).   

The TMD of the IL23R receptor is a 23-residue sequence that occurs at position 

Ile354-Phe376. The ICD of IL23R is a 252 amino acid long region responsible 

for signal transduction, in contrast to IL12Rβ1 and other cytokine receptors the 

region contains no clear Box1 and Box2 motifs for JAK binding (Parham et al., 

2002). A putative JAK2 binding site was predicted near to the cell membrane at 
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Ile384-Glu398 (Pidasheva et al., 2011), however an alternative sequence was 

identified in murine IL23R through functional studies utilising C-terminal 

mutants of the receptor (Floss et al., 2016), which demonstrates homology to the 

human IL23R region Glu439-Glu459. Further functional studies are needed to 

confirm the region responsible for human JAK2 association. The non-canonical 

murine JAK2 binding region, has an atypical position as it lies 60 amino acids 

from the membrane (Floss et al., 2016). As JAK proteins are normally found 

associated to domains close to the membrane, the authors of the study 

hypothesised that this distance may be facilitated by an as yet undefined tertiary 

structure of the ICD or that JAK2’s position in IL23R is an exception (Floss et 

al., 2016). Further prediction of the JAK2 binding domain has since been 

undertaken based on the analysis of the crystal structures of IFNAR1, IFNLR1 

and IL10RA in complex with their corresponding JAK proteins (Ferrao and 

Lupardus, 2017). This study suggested that IL23R does in fact contain Box1 and 

Box2 motifs with Box1 being the ILLLIP motif located at Ile383 and Box2 the 

ExxLYVDxxxxExxxIFIP motif located at Glu425 (Ferrao and Lupardus, 2017). 

Although the canonical Box 1 motif for class I cytokine receptors is a region of 

hydrophobic residues prior to a PxP motif, there is a high level of variation 

across the cytokine receptor predicted box 1 and 2 domains, with some class II 

receptors exhibiting PXXP motifs and the majority of class I JAK1 interacting 

receptors all containing a single Proline in their predicted box 1 regions as in the 

case for IL-23R (Ferrao et al., 2018). The authors of the study hypothesise that 

the widespread variation in Box 1 and Box 2 domains may be a mechanism 

through which cytokine receptors differentiate signals transduced through 

identical adaptor molecules to disparate downstream functions. Furthermore 

although this prediction appears to contradict the previous murine mutational 

studies (Floss et al., 2016), the final motif of the predicted box 2 region (a 

hydrophobic area comprised of the sequence IFIP), sits within the region 

homologous to murine non-canonical binding site. However, this IFIP motif is 

not conserved in the mouse and is instead ISPL.       

JAK2 facilitates the binding of further signal transduction molecules to IL23R 

through phosphorylation of tyrosine residues within the IL23R ICD, for this 

reason binding sites for transduction molecules have been hypothesised at ICD 
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tyrosine residues (Floss et al., 2013). The ICD of IL23R contains 7 Tyrosine 

residues with the closest of these to the membrane being the YEDI motif at 

Tyr397 which was predicted to be an SHP2 binding site for Mitogen-activated 

protein kinase (MAPK) and Phosphoinositide 3-kinase (PI3K) signalling 

(Parham et al., 2002). This prediction is supported by the observation that 

mutation of the murine IL23R YEDI motif to FEDI, abolishes the 

phosphorylation of Akt and MAPK (Floss et al., 2013). Tyr429, Tyr450 and 

Tyr476 are not embedded in conserved binding motifs and have not been 

predicted to be involved in transduction (Parham et al., 2002). The remaining 

Tyrosine residues are, Tyr463, Tyr484 and Tyr611. Tyr463 sits in a YPQNS 

motif which has been compared to STAT and SHP2 binding motifs, however no 

role for signal transduction has yet been shown for this residue (Floss et al., 

2013). Tyr484 sits within a GYKPQ motif which was predicted to be a STAT4 

binding site and Tyr611 sits within an YFPQ motif which was predicted to be a 

STAT1/3 binding site (Parham et al., 2002). It has since been demonstrated 

however, that human IL23R with both Y484F and Y611F mutations could still 

phosphorylate STAT3 (Floss et al., 2013). To completely abrogate 

phosphorylation of STAT3 by murine IL23R, not only were Y484F and Y611F 

equivalent mutations required but also a deletion of a site spanning Leu554-

Gln574 (Floss et al., 2013). This non-canonical STAT3 binding motif is 

conserved across several mammalian IL23R homologues and its human 

equivalent Ser539-Gln555, may also act in this fashion. In addition to the 

aforementioned binding sites, a conserved binding motif for Casein Kinase I 

(CK1) was predicted at Ser535 (SVSS) (Floss et al., 2013) and potential binding 

motifs for CK2 at Ser466 (SLFD), 558 (SSPD), 566 (SVEE), 578 (SPSE) and 

625 (SLLE) although there have yet to be functional studies to test if any of these 

sites bind their predicted transducers. The presence of these CK2 binding sites 

may be significant as CK2 has previously been shown to facilitate STAT3 

activation by JAK proteins (Zheng et al., 2011). IL-23 signalling has also been 

reported to activate pyruvate kinase M2 (PKM2), an additional protein which 

has been demonstrated to phosphorylate STAT3 (Damasceno et al., 2020; 

Lochmatter et al., 2016).  
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Several IL23R isoforms have been reported to be formed by alternative splicing. 

These include several soluble forms of the receptor that lack TMD and ICD 

regions that have been theorised to act as endogenously secreted antagonists of 

IL-23, variants lacking portions of the ICD predicted to have impaired signalling 

and isoforms lacking specific regions of the ECD (Kan et al., 2008; Mancini et 

al., 2008; Zhang et al., 2006). There have been no functional studies on these 

differentially spliced isoforms however their expression has been observed to be 

tissue specific with variants IL23R2 and IL23R4 expressed at higher levels in 

certain cancers (Zhang et al., 2006). The soluble forms of IL23R (sIL23R) most 

likely act in a similar way to IL1R2 which acts as an antagonist of IL-1 signalling 

(Schlüter et al., 2018). Indeed it has been demonstrated that the truncated 

extracellular domain of IL23R retains affinity for IL-23 (Bloch et al., 2018; 

Glassman et al., 2021). There is a possibility that soluble IL23R acts as an 

agonist in a similar way to soluble IL6R, which allows trans-signalling by 

enabling the engagement of IL-6 with gp130 (Rose-John, 2012). This however 

is unlikely, as much of the signal transduction of the IL-23 is thought to be 

mediated through the ICD of IL23R  (Floss et al., 2013). Furthermore it has been 

shown that the synthetic production of sIL23R by engineered stem cells 

inhibited IL-17 production by T cells (Rostami et al., 2018). In addition to 

sIL23R generated by alternative splicing, it has been suggested that a motif in 

the stalk region of IL23R spanning residues 319-355 acts as a substrate for the 

metalloprotease ADAM17 and that cleavage at this site constitutes an alternative 

pathway through which to generate sIL23R (Franke et al., 2016).  

1.3.3 IL-23 Signal Transduction 

The IL-23 cytokine transduces through several pathways (Listed in Figure 1-5). 

Initial characterisation of the receptor showed that IL-23 binding led to 

phosphorylation of JAK2 and TYK2 (Parham et al., 2002), which have since 

been demonstrated to be constitutively associated with IL23R and IL12Rβ1 

respectively (Floss et al., 2016). It is thought that the activation of JAK proteins 

via trans-phosphorylation causes intracellular IL23R tyrosine residues to be 

phosphorylated allowing the binding of further signal transducers which are then 

phosphorylated and activated themselves. The members of the signal transducer 

and activation of transcription (STAT) family STAT1, STAT3, STAT4 and 
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STAT5 were shown to be phosphorylated upon the addition of IL-23 and it has 

been demonstrated that these activated STATs are most likely found as 

homodimers and STAT3/4 heterodimers (Parham et al., 2002).  

 

Figure 1-5: The signalling pathways activated by IL-23. A figure demonstrated the processes 

induced by IL-23 binding. Constitutively associated JAK proteins trans-phosphorylate each 

other, followed by phosphorylation of Tyrosine residues within the ICD of IL23R and 

phosphorylation of further signal transducers. A list of reported IL-23 transducers is also shown. 

The transducer protein SHP2 has been predicted to interact with the ICD of 

IL23R and be activated by associated JAK kinases on IL-23 binding (Parham et 

al., 2002). SHP2 is a phosphatase that interacts with the MAPK and PI3K 

pathways in IL-6 signalling by acting as an adaptor for Gab1 and the Grb2/SOS 
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guanine-nucleotide exchange factor complex (Eulenfeld et al., 2012). It was 

hypothesised that SHP2 may activate the same pathways through a similar 

mechanism in IL-23 signalling and it has since been shown that IL-23 

stimulation leads to activation of both MAPK and Akt (Engelowski et al., 2018; 

Floss et al., 2013), however whether this is indeed SHP2 dependant has yet to 

be demonstrated. In addition to acting as a signal transducer, SHP2 may also 

play a role in negative feedback against IL-23 signalling through its action as a 

phosphatase and has previously been shown to deactivate STAT1, 3 and 5 

proteins through dephosphorylation (Ke et al., 2006; Wu et al., 2002).  

The major feedback mechanism against IL-23 signalling has been suggested to 

be the Suppressor of Cytokine Signalling 3 (SOCS3) protein (Chen et al., 2006) 

which can bind to phospho-tyrosines within activated receptors, JAKs and 

STATs, recruiting the ubiquitination machinery for degradation (Babon et al., 

2009). SOCS3 has also been shown to directly inhibit JAKs by acting as a 

pseudo-substrate (Sasaki et al., 1999). Whilst SOCS3 has been shown to exert a 

negative feedback effect on downstream IL-23 pathways (Chen et al., 2018, 

2006), the protein has yet to be demonstrated to directly interact with the IL-23 

receptor, and it has been suggested that the receptor has mechanisms to dampen 

regulation by SOCS3 leading to prolonged activation compared to IL-6 (Floss 

et al., 2013). SOCS1, another member of the SOCS family, has been shown to 

increase IL-23 mediated Th17 cell differentiation, although this is most likely 

due to inhibition of the antagonistic IFN-γ pathway (Tanaka et al., 2008).  

Further reported signal transducers of IL-23 include Nuclear Factor κB (NF-κB) 

which has been shown to be induced by IL-23 signalling (Cho et al., 2006; Ju et 

al., 2008). This is most likely due to phosphorylation of the regulatory protein 

IκBα which is phosphorylated within 15 minutes of IL-23 stimulation of 

eosinophils (Cheung et al., 2008). The same study also demonstrated that p38 is 

rapidly phosphorylated within 5 minutes in response to IL-23 stimulation 

(Cheung et al., 2008).  

Phosphoproteomic analysis of murine Th17 cells after IL-23 stimulation 

demonstrated that myosin regulatory light chain (RLC) was phosphorylated in 

response to IL-23 and that this was mediated by a Rho-associated protein kinase 
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(ROCK) kinase (Álvarez-Salamero et al., 2020). The intermediate between 

ROCK and the IL-23 receptor is yet to be defined however it is known that SHP2 

is a regulator of ROCK (Langdon et al., 2012).  

The C-terminal regions of both IL23R and IL12Rβ1 contain consensus SxxE/D 

binding motifs for CK2. It is not known if these motifs, which are widespread 

across proteins (Rabalski et al., 2016), do indeed mediate interaction with CK2, 

however several studies have shown that CK2 is a key mediator of T cell 

differentiation to Th17 cells (Gibson et al., 2017; Ulgesa et al., 2016). Treatment 

of Th17 cells with CK2 specific inhibitors demonstrated that CK2 plays a role 

in the phosphorylation of STAT3 following combined IL-23 and IL-6 

stimulation (Ulgesa et al., 2016). A similar study also demonstrated that CK2 

inhibition reduced STAT3 phosphorylation after IL-6 stimulation (Gibson et al., 

2017). These studies demonstrated wide-ranging downstream effects of CK2 

inhibition on genes and pathways leading to Th17 cell development and a shift 

towards a Treg phenotype (discussed in more detail in Section 1-5; Gibson et 

al., 2017; Ulgesa et al., 2016). A hypothesis was made that Akt S179 was a likely 

substrate for CK2, however neither study discovered which proteins were 

directly interacting with CK2 (Gibson et al., 2017). Therefore, the direct 

involvement of CK2 in IL-23 signalling has yet to be demonstrated, although it 

is likely that CK2 works synergistically with IL-23 to promote Th17 

development. 

1.3.4 The IL-23 receptor activation mechanism  

Whilst it is established that the binding of IL-23 leads to the phosphorylation of 

JAK2 and TYK2 and the subsequent phosphorylation of transducers (Parham et 

al., 2002), the precise activation mechanism is less well defined. Originally it 

was thought that both IL23R and IL12Rβ1 would engage IL23p19 with IL12p40 

acting to increase the affinity of the interaction in a similar way to IL-6 and the 

IL-6 receptor (known as the site 1-2-3 model) (Vignali and Kuchroo, 2012) 

however, mutational studies showed that IL23R engaged IL23p19 and IL12p40 

engaged IL12Rβ1 (Schroder et al., 2015) and this was later confirmed in 

structural studies (Figure 1-4; Bloch et al., 2018; Glassman et al., 2021).  
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As IL-23 engages two separate receptor subunits the mechanism of activation 

could be a simplistic ligand induced dimerisation model in which the cytokine 

brings IL23R and IL12Rβ1 into proximity enabling the transphosphorylation of 

associated JAK proteins, or a structural rearrangement caused by IL-23 binding 

to pre-associated dimers. The first study to confront this issue used a split Renilla 

luciferase to investigate if the IL-23 receptor existed as a heterodimer prior to 

ligand binding (Sivanesan et al., 2016). The study fused complementary 

fragments of Renilla luciferase to the C-termini of IL23R and IL12Rβ1 using 

linkers of differing length, expressed these constructs in live cells and measured 

the change in luminescence with and without the addition of IL-23. It was 

demonstrated that whilst the luminescence was comparable between linker 

lengths in the presence of IL-23, in the absence of the cytokine there was a low 

signal for the 5 amino acid linker, a high signal almost that of the signal with IL-

23 for the 10 amino acid linker in the absence of ligand and an intermediate 

signal size for the 20 amino acid linker. The authors concluded that the IL-23 

receptor formed as a dimer before IL-23 association in a similar fashion to the 

EPO receptor (EPOR) (Remy et al., 1999) and that binding of IL-23 caused a 

scissor-like conformational change in receptor structure that brought the C-

terminal domains together to initiate signalling (Figure 1-6; Sivanesan et al., 

2016).  

The next study to confront IL-23 receptor activation solved a crystal structure of 

IL-23 bound to IL23R followed by the use of isothermal calorimetry to measure 

the affinity of the purified ECDs of both IL23R and IL12Rβ1 for IL-23 (Bloch 

et al., 2018). Using this method, the group found that there was a much higher 

affinity of IL-23 for the IL23R over the IL12Rβ1 truncate. The group then 

showed that the IL23R:IL-23 complex had a much higher affinity for IL12Rβ1 

than IL-23 alone. The authors concluded that this demonstrated that IL-23 must 

first bind to IL23R and then initiate ligand induced dimerization by recruiting 

IL12Rβ1 (Bloch et al., 2018). Additional evidence relating to IL-23 receptor 

activation came from a study in which synthetic cytokine receptors were 

constructed consisting of the ICD, TMD and a short fragment of the ECD of the 

murine IL23R and IL12Rβ1 receptors expressed with N-terminal fusions of 

nanobodies for either mCherry or Green Fluorescent Protein (GFP) (Engelowski 
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et al., 2018). These chimeric receptors could then be induced to signal through 

the addition of a dual antigenic ligand consisting of both mCherry and GFP. 

 

Figure 1-6: Models for the activation of cytokine receptors. Top, ligand binding induces the 

C-terminal domains of the receptor to come into proximity. Bottom, ligand binding induces a 
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rotation of the TMDs resulting in trans-phosphorylation. Figures adapted from Corbett et al., 

2016 and Waters and Brooks, 2015. 

The two competing models of ligand induced conformational change and ligand 

induced dimerization have yet to be further studied within the context of the IL-

23 receptor but have been a subject of debate within the wider cytokine receptor 

family. The initial mechanism suggested for cytokine receptor assembly was that 

of ligand induced dimerization (Cochet et al., 1988; Fuh et al., 1992). This model 

suggests that ligands first engage freely diffusing receptor monomers before 

recruiting secondary receptor chains, thus bringing the ICDs of the receptor 

chains and their associated kinases into proximity, allowing trans-

phosphorylation. This theory is supported by several step-wise cytokine 

engagement studies in which a cytokine binding site has demonstrated a 

significantly higher affinity over another (Bloch et al., 2018; Fuh et al., 1992). 

Further evidence originates from chimeric or antibody engaged receptors that 

can be made to signal with addition of a ligand for the ECD of the chimeric 

receptor or in the presence of a bi-specific antibody for both receptor chains 

(Elliott et al., 1996; Engelowski et al., 2018; Rui et al., 1994). Single particle 

tracking experiments have also shown that several cytokine receptors exist as 

monomers when expressed at low levels and can be dimerised with the addition 

of ligand (Gandhi et al., 2014; Moraga et al., 2015b, 2015a; Wilmes et al., 2020).  

The model of activation by ligand induced conformational change has been 

supported by the observation of inactive unliganded dimers using cross-

correlation spectroscopy, co-localisation, resonance energy transfer, co-

immunoprecipitation, chemical or antibody crosslinking and structural studies. 

The observation that cytokine receptors can exist in inactive dimers prior to 

ligand binding, implies that dimerization alone is not enough to initiate 

signalling (Couturier and Jockers, 2003; Krause et al., 2013; Livnah et al., 1999; 

Lu et al., 2006; Malka et al., 2008; Pillet et al., 2010; Tenhumberg et al., 2006). 

In addition to the reports of inactive IL-23 receptor dimers, co-

immunoprecipitation studies have shown that the closely related IL-6 receptor 

is likely dimeric in the absence of ligand (Schuster et al., 2003) and it has been 

observed that both IL-12 receptor subunits must be expressed in order to form a 

high affinity binding site for IL-12 (Chua et al., 1994).  
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The growing experimental evidence that many single pass receptors can exist as 

inactive complexes has led researchers to suggest mechanisms for 

conformational change-based cytokine receptor activation. These mechanisms, 

developed typically at homodimeric receptors have then been applied more 

widely across cytokine receptors and single pass receptors more broadly, based 

on shared observations and structural similarities, for example a conserved 

proline containing ECD-TMD linker thought to mediate conformational change 

(Schmidt et al., 2016).    

The first mechanism to be suggested was the ‘scissor-like’ conformational 

change mechanism, in which the ECDs of unliganded dimerised receptors 

interact in a conformation that holds the ICDs and hence the associated JAK 

proteins apart, preventing the initiation of signalling. Binding of ligand causes a 

re-arrangement of the ECD of the receptor that brings the TMD and ICDs of the 

receptor together and enables trans-phosphorylation and activation of JAK 

proteins (Figure 1-6) (Corbett et al., 2016). This mechanism was originally 

suggested after the structure of the class I cytokine receptor type, EPOR was 

solved. The researchers observed that dimers of the purified ECDs of EPOR 

formed both in the presence and absence of ligand, but each had differential 

conformations with ligand binding bringing the C-termini into closer association 

(Livnah et al., 1999). A further study which utilised the re-complementation of 

a split enzyme fused to the C-termini of EPOR to measure interactions between 

the receptor subunits expressed on living cells, observed interactions were 

present both in the liganded and unliganded receptor but that longer linkers were 

needed to mediate this interaction for the unliganded receptor, indicating that 

the C-termini were further apart in this conformation (Remy et al., 1999). Since 

these studies, the model has been applied to the IL-7 (McElroy et al., 2012) and 

IL-23 receptor (Sivanesan et al., 2016), however critics have suggested that 

more recent evidence contradicts this model (Corbett et al., 2016), for example 

the observation that JAK proteins are associated in trans-inhibiting complexes, 

mediated by their functionally inactive pseudokinase domains, when bound to 

non-liganded dimers of the growth hormone receptor (GHR) (Brooks et al., 

2014).        
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A general model of single pass domain receptor activation has also been 

suggested that relies on the ligand induced rotation of pre-dimerised TMDs 

(Figure 1-6) (Maruyama, 2015; Moriki et al., 2001). This model is supported by 

several studies that show cytokine and other single pass receptors undergo a 

rotation around their TMD in order to initiate activation (Brown et al., 2005; 

Matthews et al., 2011; Seubert et al., 2003). A study of GHR suggested that 

JAK2 proteins, associated to the box 1 and 2 domains of inactive homodimers, 

formed  a trans-inhibiting complex mediated through interactions of kinase and 

pseudokinase domains (Brooks et al., 2014). The researchers suggested that 

ligand binding induced a rotation of the TMD, resulting in a re-arrangement in 

the ICD that allowed the kinase domains to come into proximity thus activating 

each other through phosphorylation (Brooks et al., 2014). A comprehensive 

study of GHR, Thrombopoietin receptor (TPOR) and EPOR using Total Internal 

Fluorescence (TIRF) microscopy, Single Molecule Fӧrster Resonance Energy 

Transfer (FRET) and Molecular Dynamics (MD) simulations has since been 

demonstrated that constitutively associated JAK2 acts as a key regulator of class 

I homodimeric cytokine receptor dimerisation. With introduction of the JAK2 

V617F pseudokinase domain mutation (an oncogenic mutation that leads to 

constitutive activation of GHR) inducing increased levels of ligand independent 

dimerisation (Wilmes et al., 2020).  

It has been proposed that the ligand induced rotational model could be applied 

to further cytokine receptors, due to the successful activation of chimeric 

recombinantly expressed receptors made up of the ECD and ICDs from different 

receptors, by the ligand for the ECD, indicating a common activation mechanism 

(Waters and Brooks, 2015). In addition, a membrane proximal region of the 

ECD containing acidic amino acids has been suggested to inhibit ligand 

independent signalling through mutual repulsion (Brooks et al., 2014). 

Replacement of these residues with alanine led to a change in the relative 

position of the subunits and an increase in basal signalling (Brooks et al., 2014).  

Many other cytokine receptors exhibit acidic residues at this position and it has 



41 

 

been shown that synthetic deletions of the membrane proximal or TMD regions 

of TPOR, IL23R and IL27R lead to ligand independent signalling (Ding et al., 

2009; Hummel et al., 2017; Lambert et al., 2011; Matthews et al., 2011). 

Oncogenic mutations have also been reported in the IL-7 receptor that substitute 

amino acids in the membrane proximal ECD for basic residues, leading to 

hypersensitivity to IL-7 and harmful proliferation (Campos et al., 2019). 

Oncogenic mutations have also been identified in the IL-6 binding epitope of 

gp130 that enable ligand independent gp130 homodimer activation by altering 

the angle of the ECD (Schütt et al., 2013).      

Building on the previously suggested models for conformational change based 

activation, a study that modelled the stimulation of EPOR, GHR and the 

prolactin receptor, suggested an activation mechanism based on both scissor-

like and rotation based conformational change (Pang and Zhou, 2012).  

Researchers have proposed that conformational change allows different ligands 

to influence downstream signalling bias; indeed two studies have shown that the 

degree of rotation can influence the transduction profile of cytokine receptors 

(Liu et al., 2009; Seubert et al., 2003). Cytokine receptors have highly 

disorganised ICDs that contain short recognition sequences for signal 

transducers, the effect of ligand binding and subsequent modifications on ICD 

organisation and accessibility is only beginning to be studied (Seiffert et al., 

2020).  

Whilst there is strong evidence for both ligand induced dimerization and ligand 

induced conformational change, the latter mechanism would allow cytokine 

receptors to avoid accidental activation events from non-specific dimerization 

of diffusing receptor monomers especially at higher expression levels 

(Maruyama, 2015). If a cytokine receptor is activated by ligand induced 

conformational change, this does not rule out the presence of an equilibrium 

between monomers and inactive dimers prior to ligand binding. Whilst there 

have been reports of cytokine receptors being exported from the endoplasmic 

reticulum as pre-formed complexes (Gent et al., 2002), the strong evidence of 

monomeric species from single molecule tracking experiments indicates that 

some receptors can indeed exist as monomers, especially at low expression 
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levels (Spangler et al., 2015; Wilmes et al., 2020). It may be that the ratio of 

inactive dimers, active dimers and monomers could be determined by the 

intrinsic affinity of the subunits, the concentration of receptors present and the 

concentration of ligand, as has recently been suggested for receptor tyrosine 

kinases (RTKs) (Paul and Hristova, 2019). Indeed, it has been proposed that in 

the absence of ligand the class I homodimeric cytokine receptors GHR, EPOR 

and TPOR exist in a dynamic equilibrium between monomers and dimers 

dependent on receptor affinity and membrane concentration, however in this 

study researchers suggested that these dimers were responsible for basal 

signalling and that their association was tightly regulated by limited surface 

expression (Wilmes et al., 2020).  

Finally, the signalling of cytokine receptors may also be regulated by the further 

organisation, for example, clustering of activated receptors and internalisation 

into signalling vesicles (Westerfield and Barrera, 2020). This aspect of cytokine 

signalling remains understudied, however there are reports of some cytokine 

receptors organising into higher order structures upon activation (Pillet et al., 

2010) and it is known that many cytokine receptors including IL23R internalise 

in response to their ligand (Sun et al., 2020). 

1.4 The structure and function of JAK and STAT proteins 

1.4.1 Structural features and functions of JAK proteins 

The IL-23 receptor is constitutively associated with JAK proteins that play a key 

role in the activation of the receptor by trans-phosphorylating each other after 

ligand binding. JAKs are a family of four signal transducing kinases, (JAK1, 2, 

3 and TYK2), that associate with a variety of receptor subtypes and transmit 

signals primarily via the phosphorylation of members of the STAT family (Mohr 

et al., 2012). The enzymes are named after the two faced Roman god Janus as 

they possess two similar but distinct kinase domains, one responsible for the 

enzyme’s catalytic activity, the kinase domain and one, termed a pseudokinase 

domain, that acts as a site for regulation (Figure 1-7; Shan et al., 2014). The 

kinase domain contains an activation loop which is phosphorylated to switch the 

enzyme into the active state and catalytic motifs that allow the addition of 

phosphate groups to target proteins (Morris et al., 2018). The pseudokinase 

domain is thought to be involved in trans-inhibition of partner JAK proteins and 
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is the site of activating mutations that prevent kinase domain inactivation 

(Lupardus et al., 2014; Zhao et al., 2005). JAKs are found predominantly in the 

signalling pathways of class I and II cytokine receptors, but have been shown to 

be activated by receptor tyrosine kinases, such as Epidermal Growth Factor 

Receptor (EGFR), and GPCRs such as CXCR4 (Shuai et al., 1993; Vila-Coro et 

al., 1999).  

 

Figure 1-7: The key structural features of JAK proteins. (A) A crystal structure of TYK2 

demonstrated the pseudokinase and kinase domains of the protein. (B) The crystal structure of 

the JAK2 FERM and SH2 domains (orange) in complex with the box 1 and 2 domains of the 

EPO receptor (blue). Crystal structures are PDB: 4OLI (A; Lupardus et al., 2014)  and 6E2Q (B; 

Ferrao et al., 2018) . 

The N-terminal domain of JAKs contains a Src Homology 2 (SH2) domain and 

a 4.1/Ezrin/Radixin/Moesin (FERM) domain. These motifs allow the 

association of JAKs with the C-terminal domain of their cognate receptors 

through complementary sequences termed box one and two (Figure 1-7; 

Wallweber et al, 2014). Most cytokine receptors are thought to recruit a specific 

JAK protein although some receptors have been shown to recruit multiple 

isoforms (Morris et al., 2018) and a low level of redundancy has been 

demonstrated when the cognate kinase is knocked out (Engelowski et al., 2018).  

JAK2 is associated with many receptor pathways. Although there are no 

examples of humans with JAK2 deficiency several cases have been reported of 

humans carrying gain of function mutations, predominantly V617F (Shan et al, 

2014). These mutations occur in the pseudokinase regulatory domain and result 
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in JAK2 overactivity. This induces cytokine independent transduction and leads 

to myeloproliferative disorders (Zhao et al., 2005). Alongside canonical 

cytokine signalling, JAK2 has also been shown to directly interact with histones 

in the nucleus leading to the expression of oncogenes (Dawson et al., 2009).  

1.4.2 The structure, function and regulation of STAT proteins 

STAT proteins are key signal transducers of cytokine receptor activation. These 

molecules directly associate with JAK-phosphorylated sites within the C-

terminal domains of cytokine receptors and are activated via phosphorylation by 

JAK proteins. After activation STAT proteins translocate to the nucleus and bind 

to DNA to induce changes in protein expression (Bousoik and Montazeri 

Aliabadi, 2018).  

There are seven human STAT proteins (STAT1, 2, 3, 4, 5a, 5b and 6b) that 

transduce a wide variety of signals from the cytokine family and are subject to 

various levels of regulation (Abroun et al., 2015). STAT proteins exist as 

monomers and inactive dimers prior to phosphorylation (Braunstein et al., 

2003). It has also been shown that cytokine stimulation does not change the pre-

existing monomer to dimer ratio of STAT3 (a key transducer of IL-23 

signalling) (Haan et al., 2015; Kretzschmar et al., 2004; Schröder et al., 2004). 

STATs have been shown to be basally shuttled to and from the nucleus 

(Bhattacharya and Schindler, 2003; Zeng et al., 2014). Nuclear concentration of 

STAT3 has been shown to be independent of phosphorylation however 

activation does increase the rate of shuttling between the nucleus and the cytosol 

(Herrmann et al., 2007; Liu et al., 2005).  

STAT3 has been shown to be vital to a number of non-cytokine related cellular 

processes (Abroun et al., 2015). For example the protein has been shown to 

interact with the microtubule destabilising protein stathmin resulting in 

stabilisation of the cytoskeleton (Ng et al., 2006). STAT3 has also been found 

to be vital for the optimal function of the mitochondria, with knock out leading 

to significant impacts of the activity of complex I and II (Wegrzyn et al., 2009).  

1.5 IL-23’s function within the immune system 

To understand the value of therapeutics targeting the IL-23 pathway the function 

of IL-23 in the immune system must first be outlined. Antigen presenting cells 
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(APCs) such as macrophages and dendritic cells patrol the periphery of the body. 

When they come into contact with pathogens they initiate an immune response 

through the presentation of pathogenic antigens and the production of pro-

inflammatory cytokines including IL-23 (Gaudino and Kumar, 2019).  

1.5.1 IL-23 in adaptive immunity 

T cells are key mediators of adaptive immunity and have been shown to respond 

to the production of IL-23. T cells mature within the thymus, to become naïve 

cells expressing up to 100 million T Cell Receptors (TCRs) (Qi et al., 2014), 

which are capable of binding to hypothetical foreign antigens (self-reactive 

naïve T cells are killed in the thymus) (Kumar et al., 2018). After a naïve T cell 

encounters a foreign antigen presented by a Major Histocompatibility Complex 

(MHC) expressed on the surface of an APC, the process of clonal expansion 

begins in which differentiation and multiplication generates a population of 

effector T cells specific to the antigen presented. Cytokines such as IL-23, along 

with co-stimulation from the APC, influence the eventual subtype of T cell 

formed (Hwang et al., 2020; Kumar et al., 2018). The main effector cell types 

are cluster of differentiation (CD)8+ cells and CD 4+ T helper 1 (Th1), Th2, 

Th17, Th22 or regulatory T (Treg) cells, with each of the CD4+ subtypes having 

a differential profile of cytokine production (Bhaumik and Basu, 2017).  

Th17 cells, named due to their production of IL-17, are a T cell subtype that has 

been linked with the IL-23 dependent development of auto-inflammatory 

disease (Kikly et al., 2006). The cell type exhibit a high degree of plasticity and 

can be formed by several alternative cytokine stimulation conditions, in addition 

to the ability to change lineage at late stages of differentiation (Mazzoni et al., 

2019). Differentiation of T cells to Th17 cells (Figure 1-8) can be initiated in 

vitro by treatment with IL-6 and either Tumour growth factor-β (TGF-β) or IL-

1β (Acosta-Rodriguez et al., 2007; Bhaumik and Basu, 2017). The initial 

stimulation induces the expression of the IL-23 receptor (Mangan et al., 2006; 

Zhou et al., 2007), with subsequent exposure to IL-23 enhancing the 

differentiation and inducing the production of pro-inflammatory cytokines such 

as Granulocyte Macrophage Colony Stimulating Factor (GM-CSF) (Figure 1-8; 

El-Behi et al., 2011). It has also been shown that an imbalance in the level of IL-

23 and TGF-β in the later stages of differentiation can divert polarisation to Th1 
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or Th22 (pro-inflammatory cell types with a different cytokine production 

signature) (Bhaumik and Basu, 2017; Mazzoni et al., 2019) and even fully 

polarised Th17 cells can become Th1 like, with these ‘exTh17’, ‘Th17/Th1’ or 

‘Th17.1’ cells being linked to autoinflammatory disease (Mazzoni et al., 2019). 

Further cytokines including IL-21 have also been implicated in Th17 

differentiation (Yang et al., 2008) and it has been demonstrated that polarisation 

can be induced in the absence of either IL-6, TGF-β, IL-1β or IL-23, indicating 

that there is a level of redundancy in the cytokine stimulation required for 

differentiation (Acosta-Rodriguez et al., 2007; Hu et al., 2011; Mangan et al., 

2006). The stabilisation of the Th17 cell type is governed by epigenetic 

modifications of nuclear DNA, the activation or expression of key transcription 

factors such as STAT3 and Retinoic acid receptor Related Orphan Receptor yt 

(RORyt) and downregulation of other factors such as T-bet, GATA3 and Fox3p 

(Bhaumik and Basu, 2017). As the regulation of these factors is modulated by 

shared signal transducers that are induced by multiple cytokines, most 

prominently STAT3, it is likely that a Th17 polarising signalling profile may be 

induced by several combinations of cytokine and TCR stimulations (Bhaumik 

and Basu, 2017; Mazzoni et al., 2019). It is also likely that the multiple routes 

of polarisation allow a ‘fine-tuning’ of the immune response to different classes 

of pathogens, as it has been shown that different cytokine profiles give rise to 

functionally different Th17 cells depending on the origin of the APC stimulation 

(Mazzoni et al., 2019).  

CD8+ T cells can directly kill infected or tumorigenic cells after TCR 

recognition, by activating apoptosis or using cytotoxic molecules such as 

granzymes (Zhang and Bevan, 2011). There are several reports that sub-

populations of CD8+ cells express the IL-23 receptor and react to stimulation by 

IL-23 by inducing IL-17 production (Ciric et al., 2009; Curtis et al., 2009).  
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Figure 1-8: The role of IL-23 in Th17 cell differentiation. After Th17 cell differentiation has 

been initiated by antigen and cytokine stimulation T cells begin to express the IL-23 receptor. 

Subsequent treatment with IL-23 enhances Th17 cell differentiation through potent activation of 

phospho-STAT3 and upregulation of transcription factor RORγt. Other classes of immune cells 

have also been reported to express the IL-23 receptor and respond to IL-23 by promoting 

inflammation.  

1.5.2 IL-23 in innate immunity 

Further cell types, linked to innate immunity, express the IL-23 receptor and 

respond to the production of the cytokine. These include T cell types known as 

γδT and invariant natural killer T (iNKT) (Cua and Tato, 2010). TCR and Toll 

Like Receptor (TLR) expressing γδT cells can directly sense pathogenic 

antigens independent of presentation by MHC complexes (Martin et al., 2009). 

The TCRs of iNKT are conserved, unlike naïve T cells, and sense bacteria 

through glycolipids presented by APCs (Doisne et al., 2011). Treatment of γδT 

and iNKT cells with IL-23 leads to production of pro-inflammatory cytokines 

such as IL-17 (Cua and Tato, 2010; Doisne et al., 2011). The ‘NKT like’ 

mucosally associated invariant T (MAIT) cell type has also been shown to 

respond to IL-23 stimulation (Wang et al., 2019) and have significantly 

diminished numbers in a patient with a homozygous IL23R loss function 

mutation (Staels et al., 2022). MAIT cells sense riboflavin biosynthesis 

intermediates through their TCR and respond to stimulus by promoting anti-
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bacterial and anti-viral immunity through the production of inflammatory 

cytokines and the killing of infected cells (Hinks and Zhang, 2020). 

Further innate lymphoid cell types such as Natural Killer (NK) cells and Innate 

Lymphoid Cell 3 (ILC3) cells have been shown to express the IL-23 receptor 

and produce IFN-γ and IL-17 respectively in response to IL-23 treatment (Liu 

et al., 2019; Takatori et al., 2009; Ziblat et al., 2018). These cell types are mostly 

tissue resident and respond to cytokines rather than antigen presented by APCs. 

On stimulation they rapidly initiate an innate immune response through the 

production of pro-inflammatory cytokines, presentation of antigen and killing of 

infected cells (Eberl et al., 2015). The expression of RORγt and production of 

IL-17 by ILC3 cells has led to the suggestion that the cell-type are the non-TCR 

expressing counterpart of Th17 cells, indeed it is thought that the ILC3 cells also 

require IL-23 to differentiate (Panda and Colonna, 2019).   

Certain myeloid cell types have also been reported to express the IL-23 receptor. 

Macrophages are known to express IL23R and respond to IL-23 (Cua et al., 

2003; Hou et al., 2018), with the presence of IL-23 signalling having been 

suggested to be a pre-requisite for optimal Pattern Recognition Receptor (PRR) 

activation (Sun et al., 2020). In addition, eosinophils and dendritic cells have 

been reported to respond to IL-23 stimulation (Belladonna et al., 2002; Cheung 

et al., 2008). 

Further to IL-23’s effect on immune cell stimulation and differentiation, recent 

research has suggested that IL-23 may have chemoattractant properties and be 

directly involved in Th17 and γδT migration to locally inflamed areas 

(Álvarez-Salamero et al., 2020).  

1.6 Expression of IL-23 and its receptor 

Advances in single cell RNA sequencing have allowed a systematic profiling of 

gene expression across tissue and cell types (Karlsson et al., 2021). According 

to these analyses IL23R is expressed in T cells and monocytes, but also has 

expression in mucosal tissues for example enterocytes and enteroendocrine 

cells. Surprisingly these results revealed that the highest expression of IL23R in 

all tissues sampled is in early and late spermatids (Karlsson et al., 2021). 

Although the IL-23 concentration in semen has been linked to infertility there 



49 

 

have been no mechanistic studies of IL-23’s role in reproduction (Duan et al., 

2014; Qian et al., 2011). In contrast the IL-23 co-receptor IL12Rβ1 is expressed 

most highly in blood and immune cells and has low expression in some epithelial 

cell types.  

IL23p19 is widely expressed in many epithelial and immune cell types, in 

pancreatic endocrine cells and spermatocytes. Conversely IL12p40 expression 

is limited to certain immune cell types (Karlsson et al., 2021). Physiological IL-

23 concentration has been measured in a range of diseases and in several tissues, 

these are shown in Table 1-2.  

Tissue 

type  

Disease Concentration 

(pg/mL) 

Concentration 

(pM) 

Reference  

Serum None 9.87 ± 4.62, 

91.6 ± 19.1, 

14.8 ± 2.2, 

15.5, 

372, 

21.2 ± 11.0, 

582, 

54.2 ± 15, 

66.4, 

166 ± 178 

0.176 ± 0.082, 

1.63 ± 0.34, 

0.264 ± 0.039, 

0.277, 

6.67, 

0.378, 

10.4, 

0.264 ± 0.268, 

1.18, 

2.96 ± 3.18 

(Atwa et al., 

2014; Bilik et 

al., 2016; 

Gerenova et al., 

2019; Himani et 

al., 2014; 

Jaszczura et al., 

2019; Lucaciu et 

al., 2021; 

Nogueira et al., 

2010; Rafat et 

al., 2022; Rana 

et al., 2012; 

Ugur et al., 

2015; Youssef et 

al., 2018) 

Serum Chronic 

spontaneous 

urticaria 

39.0 ± 27.8 

 

0.696 ± 0.496 (Atwa et al., 

2014) 

Serum Ankylosing 

Spondylitis 

334 ± 177 5.96 ± 3.16 (Ugur et al., 

2015) 
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Serum Systemic lupus 

erythematosus 

108 ± 17, 

135 ± 54 

1.93 ± 0.31, 

2.41 ± 0.96, 

(Rafat et al., 

2022; Rana et 

al., 2012) 

Serum Hashimoto’s 

thyroiditis 

38.70 ± 3.1 0.691 ± 0.055 (Gerenova et al., 

2019) 

Serum Rheumatic 

Mitral Stenosis 

96.7 1.73 (Bilik et al., 

2016) 

Serum Crohn’s Disease 937 16.7 (Lucaciu et al., 

2021) 

Serum Ulcerative 

Colitis 

1370 

235 ± 161 

24.4 

4.19 ± 2.87 

(Lucaciu et al., 

2021; Youssef et 

al., 2018) 

Serum Immunoglobulin 

A vasculitis 

700 12.5 (Jaszczura et al., 

2019) 

Serum ANCA-

associated 

vasculitis 

941 16.8 (Nogueira et al., 

2010) 

Serum Rheumatoid 

Arthritis 

2700 ± 1400 48.2 ± 25.0 (Kim et al., 

2007) 

Synovial 

fluid 

Rheumatoid 

Arthritis 

4430 ± 1490 79.0 ± 26.6 (Kim et al., 

2007) 

Gingival 

crevicular 

fluid 

None 2570 ± 700 45.9 ± 12.5 (Himani et al., 

2014) 

Gingival 

crevicular 

fluid 

Chronic 

periodontitis 

16400 ± 2050 293 ± 37 (Himani et al., 

2014) 

Gingival 

crevicular 

fluid 

Gingivitis 5900 ± 1140 105 ± 20.3 (Himani et al., 

2014) 

Table 1-2: Reported concentrations of IL-23 in clinical samples taken from healthy and 

diseased donors. Concentration values were converted to pM from pg/mL using the molecular 

weight 56050 Da.    

Several further RNA analyses focussing on specific immune cell types allow a 

more precise deconvolution of which cells express the cytokine and receptor. 

IL23R expression is limited mainly to T cell types with low expression in NK 

cells. Within T cells expression is higher in memory rather than naive CD4+ and 
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CD8+ cells and is also prominent in γδT and regulatory T cells (Monaco et al., 

2019; Schmiedel et al., 2018; Uhlen et al., 2019). Interestingly, in two separate 

experiments MAIT cells were by far the highest IL23R expressing cell type 

sampled (Monaco et al., 2019; Uhlen et al., 2019). IL12Rβ1 was expressed in 

all the sampled immune cell types. IL23p19 is widely expressed across the cell 

types sampled including monocytes, B cells, dendritic cells, and most strongly 

in T cells. IL12p40 conversely has very low expression levels in all cell types 

and analyses, it may be that activation by pathogens is needed to induce IL12p40 

expression (Monaco et al., 2019; Schmiedel et al., 2018; Uhlen et al., 2019).              

1.7 Consequences of IL-23 loss of function 

Mice lacking the IL23r gene retain the ability to initiate systemic T cell driven 

inflammatory responses, however they have impaired intestinal T cell 

proliferation and Th17 production (Ahern et al., 2010).    

In humans, loss of function mutations in IL23r have been shown to cause 

Mendelian susceptibility to mycobacterial disease (MSMD) (Mahdaviani et al., 

2020; Martínez-barricarte et al., 2018; Staels et al., 2022). In this condition, 

patients suffer opportunistic infections by weakly virulent mycobacterium 

species, for example bacillus Calmette-Guérin (BCG) or environmental 

mycobacteria such as Mycobacterium avium (Bustamante et al., 2014). The 

leading cause of MSMD is loss of function in IL12p40 or IL12Rβ1 genes, 

resulting in the disruption of both IL-23 and IL-12 signalling. Hundreds of 

patients have been reported who suffer from MSMD and more rarely chronic 

mucocutaneous candidiasis (CMC) caused by IL12Rβ1 or IL12p40 primary 

immunodeficiency, in contrast only a handful of cases have been reported 

caused by IL-12 or IL-23 pathway specific, loss of function (Bustamante et al., 

2014; Mahdaviani et al., 2020; Martínez-barricarte et al., 2018; Staels et al., 

2022). The frequency of IL12Rβ1, IL12Rβ2 and IL23R loss of function genes 

in the population is reported to be similar, therefore it has been suggested that 

IL-12 and IL-23 are partly redundant with each other for protection against 

mycobacterial disease (Martínez-barricarte et al., 2018). Many clinically 

significant mutations of the IL-23 receptor have been identified through genome 

wide association studies (GWAS) studies and through genome sequencing of 

patients, a subset of which are highlighted in Table 1-3. As this thesis will focus 
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on analysis of the molecular mechanism of recombinantly expressed receptors, 

only mutations resulting in amino acid substitutions are highlighted in the table.   

Mutation  Location  Disease significance Functional data 

IL23R 

Q3H 

(reviewed in 

Floss et al., 

2020; 

rs1884444) 

Signal peptide. Lowered risk of 

schistomiasis associated 

immune reconstitution 

inflammatory 

syndrome, ulcerative 

colitis and psoriasis. 

None 

R86Q 

(reviewed in 

Floss et al., 

2020; 

rs76575803) 

Extracellular 

domain 1 

Lowered risk of Crohn’s 

disease. 

None 

C115Y; 

(rs1646917043)  

Extracellular 

domain 1 

Increased susceptibility 

to mycobacterial 

disease. 

Mutation blocks 

ligand induced 

STAT3 

phosphorylation 

(Martínez-barricarte 

et al., 2018). 

G149R 

(reviewed in 

Floss et al., 

2020; 

rs76418789) 

Extracellular 

domain 2 

Lowered risk of Crohn’s 

disease and ulcerative 

colitis.  

A study shows that 

mutation increases 

ER retention and 

lowers surface 

expression 

(Sivanesan et al., 

2016). 

L310P 

(reviewed in 

Floss et al., 

2020; 

rs7530511) 

Extracellular 

domain 3 

Lowered risk of 

psoriasis.  

None 
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V362I 

(reviewed in 

Floss et al., 

2020; 

rs41313262) 

Transmembrane 

domain 

Lowered risk of Crohn’s 

disease and ulcerative 

colitis. 

A study shows that 

mutation reduces 

protein half-life 

(Sivanesan et al., 

2016). 

R381Q 

(reviewed in 

Floss et al., 

2020; 

rs11209026) 

Intracellular 

domain 

(membrane 

proximal) 

Lowered risk of Crohn’s 

disease, ulcerative 

colitis ankylosing 

spondylitis and 

psoriasis. 

The mutation has 

been shown to 

reduce surface 

expression and half 

life (Sivanesan et 

al., 2016). A study 

in macrophages 

demonstrated that 

the mutation led to 

impaired receptor 

recycling to the cell 

surface after 

activation (Sun et 

al., 2020). 

IL12Rβ1 

R173P 

(reviewed in 

van de Vosse et 

al., 2013) 

Extracellular 

domain 2 

Increased susceptibility 

to mycobacterial 

disease. 

This mutant leads 

blocks surface 

expression and 

response to IL-12 

(van de Vosse et al., 

2005). 

C186S 

(reviewed in 

van de Vosse et 

al., 2013) 

Extracellular 

domain 2 

Increased susceptibility 

to mycobacterial 

disease. 

This mutant leads 

blocks surface 

expression and 

response to IL-12 

(van de Vosse et al., 

2005). 

C198R  

(reviewed in 

van de Vosse et 

Extracellular 

domain 2 

Increased susceptibility 

to mycobacterial disease 

(mild phenotype). 

This mutant leads to 

lowered surface 

expression and 

response to IL-12 



54 

 

al., 2013; 

rs121434495) 

(van de Vosse et al., 

2005). 

R213W  

(reviewed in 

van de Vosse et 

al., 2013; 

rs121434494) 

Extracellular 

domain 2 

Increased susceptibility 

to mycobacterial 

disease. 

This mutant leads 

blocks surface 

expression and 

response to IL-12 

(van de Vosse et al., 

2005). 

Y367C 

(reviewed in 

van de Vosse et 

al., 2013) 

Extracellular 

domain 3 

Increased susceptibility 

to mycobacterial 

disease. 

This mutant leads 

blocks surface 

expression and 

response to IL-12 

(van de Vosse et al., 

2005). 

R521G 

(reviewed in 

van de Vosse et 

al., 2013) 

Extracellular 

domain 5 

Increased susceptibility 

to mycobacterial disease 

(mild phenotype). 

This mutant leads 

blocks surface 

expression and 

response to IL-12 

(Potjewijd et al., 

2012). 

Table 1-3: Reported clinically significance amino acid substitution mutants of the IL-23 

receptor. 

1.8 The role of IL-23 in autoinflammatory disease 

Before the discovery of IL-23, it was thought that the cytokine IL-12 mediated 

autoinflammatory diseases due to the protective effect of IL12p40 knock out in 

murine models of autoinflammatory conditions (Caspi, 1998). Several 

subsequent studies however, indicated that patients with autoinflammatory 

conditions demonstrated high levels of IL12p40 without IL12p35 (Fassbender 

et al., 1998; Shigehara et al., 2003). This was followed by the revelation that 

IL23p19 but not IL12p35 knockout mice were protected against experimental 

autoinflammatory disease (Cua et al., 2003).  It was subsequently discovered 

that IL-23 induced the production of pathogenic T cell subsets (Langrish et al., 

2005) GWAS found that certain IL23R or IL23p19 variants were protective 

against Psoriasis, Psoriatic Arthritis (PA), Ankylosing Spondylitis (AS), Uveitis, 

Crohn’s Disease (CD), Ulcerative Colitis (UC) , Bechet’s disease, and further 
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immune diseases (Cargill et al., 2007; Dong et al., 2013; Duerr et al., 2006; Filer 

et al., 2008; Remmers et al., 2010).  

The precise mechanism through which many autoinflammatory diseases are 

initiated is still a matter of contention with evidence indicating that both genetic 

and environmental factors can pre-dispose patients towards disease development 

(Ho et al., 2019; Rahmati et al., 2020). In the case of IL-23 mediated 

autoinflammatory conditions, it is thought that IL-23 is needed for the activation 

and differentiation of pathogenic IL-17 producing Th17, γδT and ILC3 cell types 

(Geremia et al., 2011; Langrish et al., 2005; Sutton et al., 2009). The efficacy of 

anti-IL-23 therapeutics in psoriasis, PA and CD confirmed the central role of the 

cytokine in these diseases. Anti-IL-17 therapeutics have also been efficacious in 

treating auto-inflammatory conditions however the lack of efficacy of anti-IL-

23 but not anti-IL-17 therapies in AS, indicate that the applicability of 

therapeutics targeting the IL-23/IL-17 axis may depend on the specific disease  

(Baeten and Adamopoulos, 2021; Ruiz de Morales et al., 2020).  

1.9 Therapeutic strategies for the IL-23 pathway 

1.9.1 Background to cytokine therapeutics 

Medications that modulate the immune system date from before the advent of 

modern medicine, through the traditional use of naturally derived anti-

inflammatory molecules such as salicylic acid (Hedner and Everts, 1998).  In 

addition, prior to the discovery of cytokines the production of inflammatory 

mediators was indirectly modulated using steroids and non-steroidal anti-

inflammatory drugs (NSAIDs) (Benedek, 2011; Praveen Rao and Knaus, 2008).  

The discovery of cytokines was accompanied by the promise of new, more 

specific treatments aimed at these messenger molecules. Initially, many 

researchers suggested the purification and utilisation of cytokines as therapies 

themselves (Vilček and Feldmann, 2004). The discovery that interferons 

protected against viral infection and could inhibit tumour growth for example, 

led to hope that these molecules could be used in the clinic (Gresser, 1977; Isaacs 

and Lindenmann, 1957; Vilček and Feldmann, 2004). Although recombinant 

Interferon has shown some promise as an anti-cancer (Mocellin et al., 2010) and 

anti-viral  treatment (Saleki et al., 2021), the therapy has been hampered by 
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toxicities and has not realised the initial hopes for a highly efficacious treatment 

(Borg and Isenberg, 2007; Sulkowski et al., 2011). Many cytokines, for example 

IL-2, TNF, GM-CSF and M-CSF (Dubnika et al., 2018; Hu et al., 2021),  are 

now used therapeutically, however adverse effects remain common and 

cytokines are more frequently antagonised due to their function in mediating 

harmful auto-inflammation (Akdis et al., 2016; Scheinecker et al., 2008). 

Despite this, the administration of cytokine receptor agonists could experience 

a renaissance with the advent of more selective engineered cytokine therapeutics 

(Lopes et al., 2020; Ma et al., 2015; Spangler et al., 2015).    

Antibody based ‘biologic’ therapies emerged in the mid-1980s, enabling the 

sequestration and antagonism of targets that had previously been problematic to 

drug with small molecules (Lu et al., 2020). The initial indication that antibodies 

could be effective treatments against cytokine targets was the use of anti-IFN 

antibodies to prevent choriomeningitis in mice (Riviere et al., 1977). It was 

hoped that the success of anti-cytokine treatments in in vivo models of sepsis 

would translate into new effective treatments. However, the results of clinical 

trials were disappointing and the field pivoted to autoinflammatory disease 

(Dinarello, 2007; Eichacker et al., 2002). The first therapy followed in 1997 

when the humanized anti-CD25 (An IL-2 receptor component) drug, 

Daclizumab was licenced for the treatment of Graft Versus Host Disease 

(GVHD) (Tsurushita et al., 2005). The following year, the chimeric anti-TNF-α 

therapy infliximab, was approved for CD (Lu et al., 2020). The development of 

fully human antibodies using phage display enabled the production of the human 

anti-TNF-α therapy Adalimumab in 2002 for rheumatoid arthritis (RA) (Lu et 

al., 2020). Adalimumab became the highest selling drug of all time in 2021 

(Urquhart, 2021) and there are now more than 20 licenced antibody therapies 

that target cytokines and their receptors (Lu et al., 2020). 

Whilst antibodies remain the dominant anti-cytokine therapeutics, additional 

technologies have been developed and are in development. Etanercept, for 

example is a fusion of human TNF-α receptor with an antibody Fc domain and 

has been licenced for RA (Goffe and Cather, 2003). Anakinra, a drug approved 

for several autoinflammatory conditions is a slightly modified version of IL-1 

receptor antagonist (IL-1Ra) (Scheinecker et al., 2008; Waugh and Perry, 2005). 
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New technologies have the potential to give rise to novel cytokine modulating 

therapeutics, with anti-sense RNA treatments (Jaschinski et al., 2011) and cyclic 

peptide cytokine-receptor antagonists having been developed (Cheng et al., 

2019; Scheide-Noeth et al., 2019). 

Whilst some small molecule inhibitors of cytokine receptor interactions have 

been reported (Bello et al., 2014; Braisted et al., 2003) none have yet made it 

through clinical trials. Small molecule inhibitors of cytokine signalling proteins 

have however been successfully developed. The success of early kinase 

inhibitors such as the anti-cancer therapeutic Imatinib in the early 2000s led to 

rapid development of kinase inhibitors (Cohen et al., 2021). Antagonists of JAK 

proteins followed, with the pan-JAK inhibitor Tofacitinib being licenced for the 

treatment of RA in 2012 (Dhillon, 2017). The ability of Tofacitinib to inhibit 

multiple cytokine signalling pathways enables broad-acting inhibition in a 

system where pathogenesis may be influenced by multiple cytokines. 

Unfortunately this non-specificity, in which multiple non-pathogenic pathways 

critical to immunity and protective cytokines such as IL-10 are inhibited leads 

to adverse side effects, such as opportunistic infections (Cohen et al., 2021). 

Further JAK inhibitors with differing selectivity patterns, have now been 

licensed; Baricitinib for example is a JAK1 and 2 antagonist and Upadacitinib, 

Filgotinib and Abrocitinib are JAK1 selective (Angelini et al., 2020; Bieber et 

al., 2021). It is hypothesised that selective inhibition of JAK1 will reduce side 

effects by preventing inhibition of JAK1 independent cytokine signalling 

pathways such as EPO (Namour et al., 2015). Further JAK selective compounds 

are currently in clinical development for a range of conditions (Hu et al., 2021; 

Virtanen et al., 2019).  

In addition to JAK inhibitors, cytokine signalling can also be inhibited by 

antagonising STAT proteins. There are 7 human STAT proteins, potentially 

allowing this approach to be more selective than JAK inhibitors, in addition each 

cytokine receptor can signal through multiple STATs allowing the potential for 

selectivity within the outcomes of cytokine signalling (Hu et al., 2021). 

However, some STATs are known to be involved non-cytokine connected 

pathways for example in the mitochondria (Bharadwaj et al., 2020). The STAT3 

selective antagonist STATTIC was the first small molecule STAT inhibitor to 
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be reported (Hu et al., 2021; Schust et al., 2006). Since STATTIC’s development 

a range of further STAT3 inhibitors have been developed with a smaller number 

of STAT5 inhibiting compounds also being reported. No STAT antagonists have 

yet completed clinical trials with the major hurdle being the high concentrations 

needed and the associated toxicities (Hu et al., 2021).  

Downstream inhibition of cytokine induced transcription factors has also been 

trialled as a methodology for treating autoinflammatory conditions. Increased 

expression of the transcription factor RORγt (a transcription factor responsible 

for inducing pro-inflammatory genes such as IL-17; Capone and Volpe, 2020) 

is a hallmark of Th17 cell development following IL-23 stimulation, small 

molecule inverse agonists of RORγt have been developed and are now in clinical 

trials for psoriasis (Jetten and Cook, 2020).  
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1.9.2 Anti-IL-23 therapies 

 

Figure 1-9: IL-23 pathway antagonists. The IL-23 pathway can be antagonised at several 

stages. Licenced therapeutics antagonise IL-23 and JAK proteins. Drugs are in development 

that target IL23R and STATs. 

Due to the initially held but incorrect hypothesis that IL-12 was the driver of 

several autoinflammatory diseases, the first anti-IL-23 biological therapies were 

directed at the IL12p40 subunit and were thus bispecific against both IL-12 and 

IL-23 (Teng et al., 2015). The first and sole member of this class to be licensed 
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was Ustekinumab (Jannsen), which was approved by the FDA for the treatment 

of plaque psoriasis in 2009 after being shown to be effective in reducing at least 

75% of the severity of the disease in over two thirds of patients in phase III trials 

(Yang et al., 2021). The rate of infections was closely monitored in patients 

treated with the drug and it was found that these were not significantly higher 

than in the placebo group (Yang et al., 2021). Ustekinumab has since been 

licenced for PA and CD, however the drug was not effective against AS, 

systemic lupus erythematosus, multiple sclerosis and RA (Chyuan and Lai, 

2020; Pawlak‐buś et al., 2021). The unexpected disconnect between the efficacy 

of anti-IL-23 therapies and anti-IL-17 therapies, which are efficacious in AS but 

not in CD has been the subject of much debate since the results of these trials 

(Baeten and Adamopoulos, 2021; Hohenberger et al., 2018; McGonagle et al., 

2021). Theories have suggested that IL-23 induces chronic inflammation in AS 

but is dispensable once chronic inflammation has been established (Baeten and 

Adamopoulos, 2021). In the case of CD it has been suggested that some 

populations of IL-23 independent IL-17 producing cells may be protective 

through their role in barrier immunity (Hohenberger et al., 2018).     

Since the successful licencing of Ustekinumab, the anti-IL23p19 specific 

therapies, Guselkumab (Jannsen), Risankizumab (Boehringer 

Ingelheim/Abbvie) and Tildrakizumab (Merck) have been developed and 

licenced for psoriasis, with Guselkumab also being approved for PA (Table 1-

4). A meta-analysis of the psoriasis clinical trials for these three therapies and 

Ustekinumab revealed that there was little difference in terms of efficacy and 

tolerability between the treatments however Risankizumab and Guselkumab 

appeared to show slightly higher efficacy than Tildrakizumab, an effect that 

correlated with the affinities of the antibodies for IL23p19 (Mahil et al., 2020). 

As anti-IL23p19 antibodies have only been approved recently there is little data 

on long term tolerability and efficacy. A schematic showing the various stages 

at which the IL-23 pathway can be inhibited is shown in Figure 1-9. 

1.9.3 Peptide IL23R antagonists 

Despite the efficacy of biologic therapies for IL-23 there remain some 

drawbacks to these treatments. Biologic therapies require sub-cutaneous 

administration which can limit patient adherence and leads to unnecessary 
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systemic inhibition in diseases that exhibit local inflammation (Arbiser and 

Elsey, 2018). In addition, tolerance can develop to treatments, due to 

compensatory adaption in the immune system or development of anti-drug 

antibodies (Jullien et al., 2015; Khoury and Ilan, 2019).  

These issues have led to the continued development of new oral or topical 

treatments. It is difficult to drug the broad protein to protein interaction 

interfaces of cytokine receptors with small molecule inhibitors although this has 

been achieved for IL-2 receptor (Wilson and Arkin, 2010). It has proved easier 

to design peptide inhibitors of cytokine receptors, with IL23R exhibiting a range 

of reported peptide antagonists (Table 1-4). The first of these were competitive 

and non-competitive linear peptides reported by academic groups (Kuchař et al., 

2014; Quiniou et al., 2014). These efforts were followed by development of a 

range of orally bioavailable macrocyclic peptides antagonists IL23R by the 

company Protagonist (Bourne et al., 2017; Cheng et al., 2019). The company 

has partnered with Johnson and Johnson to bring three of these compounds into 

the clinic. The most advanced among these, molecule PN-235/JNJ-77242113 is 

currently in phase IIb trials as an oral treatment for psoriasis whilst the previous 

lead candidate PTG-200/JNJ-67864238 was withdrawn from Phase II trials for 

IBD due to lack of efficacy (Data from www.clinicaltrials.gov accessed on: 

25/08/2022). Further cyclic IL23R inhibitors have also been developed by 

academic groups in demonstrations of novel phage display techniques (Kong et 

al., 2020; Pandya et al., 2020).  

Whilst most peptide antagonists developed have been competitive antagonists 

of IL23R there is the possibility that cytokine signalling could be blocked by 

non-competitive, antagonists of receptor dimerization as has been demonstrated 

for GHR (Rowlinson et al., 1998). 

  

http://www.clinicaltrials.gov/


62 

 

 

Drug type  Target Drug Name Stage of development 

Antibodies IL12p40 Ustekinumab Approved for: Psoriasis, CD, 

UC, PA 

Briakinumab Phase III (discontinued) 

IL23p19 Tildrakizumab Approved for: PA, Psoriasis 

Guselkumab Approved for: Psoriasis 

Risankizumab Approved for: Psoriasis 

Mirikizumab Phase III 

Peptides IL23R REX proteins Reported in (Kuchař et al., 

2014) 

TEEEQQLY Reported in (Quiniou et al., 

2014) 

PTG-200 Phase II (discontinued) 

PN-232 Phase I (discontinued) 

PN-235 Phase II 

23-446 and 23-

437 

Reported in (Pandya et al., 

2020) 

Isomer 5 Reported in (Kong et al., 2020) 

Table 1-4: Reported IL-23 and IL23R antagonists. Table demonstrating biologic antagonists 

of IL-23 and peptide antagonists of IL23R. 

1.10 Proximity-based techniques in molecular pharmacology 

In this project, proximity-based techniques will be used to investigate the ligand 

binding and activation of the IL-23 receptor with the aim of gaining useful 

insights for drug discovery projects targeting the IL-23 pathway. Powerful 

techniques to measure the interactions of ligands, receptors and signal 

transducers have been developed in recent years to characterise GPCRs 

(Stoddart et al., 2016) and RTKs (Peach et al., 2021), this project will now apply 

these to the IL-23 receptor. 
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1.10.1 Ligand binding assays 

The birth of molecular pharmacology was initiated at the beginning of the 20th 

century with the origination of the receptor theory of drug action by both Paul 

Erhlich and John Newport Langley (Parascandola and Jasensky, 1974). Whilst 

receptors were hypothesised to exist from observations made from the effect of 

compounds on tissues samples or on intact animals, the existence of receptors 

remained purely theoretical (Maehle, 2004). Despite this, these experiments 

allowed the establishment of many of the equations used in modern day 

pharmacological analysis, for example the Hill-Langmuir equation (Gesztelyi et 

al., 2012). 

Mid-way through the 20th century technologies emerged that allowed the 

radiolabelling of compounds and proteins, typically with the radioactive 

isotopes H3, C14 or I125 (Bylund and Enna, 2018; Paton and Rang, 1965). The 

rate of decay of these isotopes could be measured through scintillation counters 

at various time points after radioligands had been mixed with cells, purified 

receptors, membrane preparations or tissues. By adding an excess of an 

unlabelled form of a competing compound or protein, specific binding could be 

measured by the different levels of radioligand present in the two conditions 

(Maguire et al., 2012). This technique enabled modern molecular pharmacology 

by allowing the measurement of specific interactions of drug with receptor 

(Bylund and Enna, 2018). Further technological advances enabled the 

development of functional assays that enabled the measurement of signalling 

cascades, for example through quantification of intracellular cyclic Adensone 

Monophosphate (cAMP) or Ca2+ concentration (Miyano et al., 2014).  

Whilst radioligand binding revolutionised pharmacology, the use of 

radioligands has been hampered by safety measures concerning handling of 

ligands and experimental waste (Stoddart et al., 2016). 

1.10.2 Proximity based techniques 

Recombinant techniques were developed in the latter part of the 20th century to 

quantify known interactions of intracellular proteins, and to screen cDNA 

libraries for novel interactions. These techniques typically involved a split 

reporter system which can be fused to two proteins of interest to monitor 



64 

 

interactions (Michnick et al., 2000). An early example of this approach is the 

yeast two-hybrid system in which a pair of proteins are fused to either a DNA 

interacting protein or a transcription factor activating protein. These fusions are 

then expressed in yeast, with a transcription factor and a recombinant DNA 

construct made up of a flexible DNA linker between a transcription factor 

binding site and an upstream activation signal located at the binding site for the 

DNA binding protein (Luban and Goff, 1995). Initiation of transcription occurs 

when the proteins interact and bring the sequences together (Luban and Goff, 

1995). Although systems such as the two-hybrid system are highly sensitive, 

they do not allow measurement of mammalian protein to protein interactions in 

their native environment. To rectify this, protein complementation assays were 

created, for example a split version of murine dihydrofolate reductase that could 

be recombinantly tagged to two proteins of interest and expressed in a 

mammalian cell line of interest. If the proteins interacted then the enzyme would 

be reconstituted and the generation of the enzyme’s product could be measured 

(Michnick et al., 2000).       

1.10.3 Fӧrster Resonance energy transfer (FRET) 

Using a luminescent signal to monitor real time proximity enables dynamic and 

sensitive monitoring of interactions and can be used to measure distance or 

orientation of interacting partners (Stoddart et al., 2016). The design and use of 

fluorescence and luminescence-based techniques requires an understanding of 

the physics of light. Light is made up of photons which are defined by oscillating 

waves of both magnetic and electric fields, collectively termed electromagnetic 

radiation. Bonds within molecules have a particular vibrational frequency in 

much the same way as the strings of a musical instrument. If a molecule is 

subjected to photons of the same wavelength as the vibrational frequency of its 

bonds then they are said to be in resonance and much larger amounts of energy 

can be absorbed (Learmouth et al., 2009).  
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Figure 1-10: A Pierre-Jablonski diagram demonstrating the principles of fluorescence. S0 

represents the ground energy state of an electron and S1 represents the next highest energy orbital 

above the ground state. 

Fluorescence is a process in which photons of a wavelength in resonance with a 

molecule, excite its electrons to enter a higher energy orbital state. As the 

electrons return to their previous orbital state, they release energy in the form of 

longer wavelength photons, due to some energy being lost as heat in a process 

called vibrational relaxation. This process can be summarised using a Perrin-

Jablonski diagram (Figure 1-10). The excitation wavelength of the fluorophore 

is dictated by the resonance or vibrational frequency of the bonds within the 

molecule. The difference between the absorption and emission wavelengths of 

a fluorophore is known as a Stokes shift (Figure 1-11) and can vary in scale for 

different molecules based on the amount of vibrational relaxation that occurs as 

the electron returns to its ground state. Some proteins are intrinsically 

fluorescent enabling their use as reporters in recombinant biological assays, in 

addition smaller synthetic fluorescent groups that can chemically bonded to 

molecules of interest and used to monitor their activity (Learmouth et al., 2009).  
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Figure 1-11: The Stokes shift. The absorbance and emission spectra of a hypothetical 

fluorescent molecule. The difference in wavelength between the peak of the absorbance and 

emission spectra is termed the Stokes shift.  

FRET is a technique that utilises the Stokes shift to measure the proximity of 

fluorescently tagged molecules. In FRET two molecules of interest are bonded 

to fluorescent moieties with overlapping emission and excitation wavelengths. 

The shorter wavelength emission ‘donor’ molecule is excited by an external light 

stimulus, the molecule then emits longer wavelength light capable of exciting 

the ’acceptor’ molecule. The ratio of the donor to acceptor emissions is then 

used as a measure of proximity. The amplitude of the excitation of the acceptor 

molecule is related to the distance between the donor and acceptor and the 

orientation of the molecules, due to FRET being more efficient when the dipoles 

in the molecules are aligned (Clegg, 1995). 

One of the advantages of FRET over other proximity-based techniques, is that 

the read out is immediate and proportional to the interaction, rather than needing 

time for a reporter to be expressed or a signal transduction cascade to be 

initiated. This immediacy enables the measurement of kinetic processes for 

example the association and dissociation of drug-like molecules to a target of 

interest (Schiele et al., 2015).  
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1.10.4 Bioluminescence based techniques 

The trait of bioluminescence is hypothesised to have evolved independently at 

least 90 times across the tree of life and is found in wide variety of organisms 

including insects, fish, fungi and bacteria. Many animals can create their own 

light, for a range of functions including mating displays, evading predators and 

attracting prey (Lau and Oakley, 2021). The origin of this bioluminescence is 

the catalysis, usually an oxidation, of a substrate termed luciferin by 

bioluminescent enzymes called luciferases. The energy released from the 

reaction causes the emission of photons from excited electrons in the substrate 

(Shimomura, 2010).  

Many luciferases and luciferins have now been extracted from nature for use in 

biotechnology. The first use of these enzymes was to act as reporters of gene 

transcription, with recombinant plasmids encoding the enzymes placed 

downstream of a binding site for a transcription factor of interest (Roda et al., 

2004). Luciferase genes have also been split for use in protein complementation 

assays (Paulmurugant and Gambhir, 2003).  

Whilst FRET is a powerful proximity-based technique, the technology relies on 

the use of an external high intensity excitation source. This limits the use of 

FRET in whole cell systems as many biological substances auto-fluoresce and 

as the excitation can be phototoxic or induce photobleaching. The introduction 

of luciferases to biological research enabled the use of these enzymes as the 

excitatory source in a technique known as Bioluminescence Resonance Energy 

Transfer (BRET). Because this technique utilises a luciferase fused to a target 

of interest, energy transfer is localised to the molecule, greatly reducing the 

signal from non-specific auto-fluorescence (Pfleger and Eidne, 2006). Many 

luciferases and luciferins are now available for use in biological research and 

have been used to measure real-time interactions with fluorescently tagged 

compounds and proteins (Dale et al., 2019).        

1.11 Aims  

The aim of the work described in this thesis was to build a proximity-based assay 

to measure and quantify the interaction between IL-23 and its full-length 

receptor subunits expressed in isolation and together on the surface of living 
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cells. Following this work, the aim was to use similar proximity-based 

techniques to quantify the association of IL-23 receptor subunits in the presence 

and absence of cytokine. Furthermore, this project aims to generate novel 

fluorescent probes and assays to characterise reported IL-23 receptor antagonists 

and to utilise the assays created to characterise disease linked mutants of IL23R. 

Chapter 2. General Materials and Methods 
In this section materials used in the project will be presented in a centralised list 

to enable efficient identification of the origin of reagents and equipment. The 

methodology of techniques which were utilised in multiple chapters will also be 

described.  

2.1 Materials  

Reagent or Resource Source Identifier 

Chemicals, Peptides, Recombinant Proteins 

5(6)-TAMRA (5-(and-6)-

Carboxytetramethylrhodamine), 

mixed isomers 

ThermoFisher 

Scientific 

Cat# C300 

Acetonitrile Merck Cat# 34851 

Agarose Merck Cat# 101614 

AF488 Anti-Chicken antibody ThermoFisher Cat#A-21441; RRID: 

AB_2535859 

Anti-NanoLuc antibody  Gifted by Promega  

Chicken Serum Merck Cat# C5405 

 

Dithiothreitol (DTT) ThermoFisher 

Scientific 

Cat# R0862 

DNA Loading Dye Promega  Cat# G1881 

Dulbecco’s Modified Eagle’s 

Medium 

Merck Cat# D6429 

Ethidium Bromide Merck Cat# 111608 

Extracellular NanoLuc inhibitor Promega Cat# N235A 

Fetal Bovine Serum Merck Cat# F2442 

Formalin Merck Cat# 104002 

Formic acid Fisher Chemical Cat# F/1900/PB15 

FuGENE HD Promega Cat# E2312 
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Glycine Merck Cat# G7126 

HaloTag Alexa Fluor 488 Ligand Promega Cat# G1001 

HaloTag NanoBRET 618 Ligand Promega 

Corporation  

Cat# G9801 

IL-12 SinoBiological Cat# CT050-HNAH 

IL12p40 Peprotech Cat# 200-12p40 

IL12p80 Merck Cat# SRP3075 

IL23p19-Fc SinoBiological Cat# 13062-H02H 

Isopropanol Merck Cat# 34863 

LB Agar Merck Cat# 110283 

Lysogeny broth (LB)  Merck Cat# 110285 

Opti-MEM reduced serum medium ThermoFisher 

Scientific 

Cat# 11058021 

P630-TMR Cambridge 

Research 

Biochemicals 

Custom Synthesis 

Peptide 630 (P630) Cambridge 

Research 

Biochemicals 

Custom Synthesis 

Phosphate Buffered Saline (PBS)

  

Merck Cat# D8537 

Poly-D-Lysine hydrobromide  Merck Cat# P6407 

Protease-free Bovine Serum 

Albumin 

Merck Cat# A7030 

Recombinant His-TEV-NanoLuc 

Protein 

D. Veprintsev lab 

(University of 

Nottingham; Dr 

Bradley Hoare) 

 

Recombinant IL-23 protein GlaxoSmithKline 

(Dr Surjit Bains) 

 

SNAP-Tag AlexaFluor 488 

membrane impermeant substrate 

New England 

BioLabs  

Cat# S9124S 

T4 DNA Ligase NEB Cat# M0202L 

TAMRA, SE; 5-(and-6)-

Carboxytetramethylrhodamine, 

ThermoFisher 

Scientific 

Cat# C1171 
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Succinimidyl Ester (5(6)-TAMRA, 

SE), mixed isomers 

TEEEQQLY octapeptide Cambridge 

Research 

Biochemicals 

Custom Synthesis 

Critical Commercial Assays and Kits 

AlphaLISA SureFire Ultra p-

STAT3 (Tyr705) Assay Kit 

Perkin Elmer Cat# ALSU-PST3 

MycoStrip TM 100 InvivoGen Cat# rep-mys-100 

Nano-Glo luciferase assay system 

(Furimizine) 

Promega 

Corporation 

Cat# N1130 

Phusion Site-Directed Mutagenesis 

Kit 

ThermoFisher Cat# F541 

Pureyield Plasmid Maxiprep kit Promega 

Corporation 

Cat# A2392 

Pureyield Plasmid Miniprep kit Promega 

Corporation 

Cat# A1223 

SV Wizard Gel and PCR clean up 

kit 

Promega 

Corporation 

Cat# A9281 

Experimental Models: Cell Lines  

Human: HEK293T cells (female)

   

ATCC (Virginia, 

USA) 

Cat# CRL-3216 

Recombinant DNA   

IL12Rβ1 expression plasmid Origene Cat# SC303661 

IL23R pc3.1 zeo Genscript Custom Synthesis 

IL23R pc3.1 zeo TMD motif 

mutant 1 

Genscript Custom Synthesis 

IL-23R-MycDDK expression 

plasmid 

Origene Cat# RC211477 

IL-6 secretion signal -HT-TEV-

IL12Rβ1  

Genscript Custom synthesis 

IL-6 secretion signal -HT-TEV-

IL23R  

Genscript Custom synthesis 

IL-6 secretion signal -NL-IL-23R Genscript Custom synthesis 

IL-6 secretion signal-NL-IL12Rβ1 Genscript Custom synthesis 
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Pc3.1 N-terminal HiBit vector (Soave et al., 

2020a) 

 

Pc3.1 N-terminal m5HT3A 

Secretion Signal-LgBit vector 

(Soave et al., 

2020b) 

 

Pc3.1 N-terminal SmBit vector (Soave et al., 

2020a) 

 

Pc3.1 zeo Invitrogen Cat# V86020 

Pc3.1 zeo m5HT3A Secretion 

Signal HiBit-IL12Rβ1 

Genscript Custom Synthesis 

Pc3.1 zeo m5HT3A Secretion 

Signal SNAP-Tag  

(Gherbi et al., 

2015) 

 

Software and Algorithms 

Benchling Benchling www.benchling.com 

Excel Microsoft www.microsoft.com 

GraphPad Prism 7.02  GraphPad 

Software  

www.graphpad.com 

ImageJ Fiji 1.53 National Institute 

of Health 

www.fiji.sc 

MARS Data Analysis Software BMG Labtech www.bmglabtech.com 

MaxEnt1 4.1 Waters www.waters.com 

SnapGene Viewer 6.0.5 SnapGene www.snapgene.com 

Zen 2012   Zeiss www.zeiss.com 

Other 

35 mm glass bottom dish MatTek Cat# P35G-1.5-14-C 

384 well white Optiplate Perkin Elmer Cat# 6007290 

DAM negative E. coli Agilent 

Technologies 

Cat# 200247 

DH5 alpha E. coli Invitrogen Cat# 18265017 

Mr. Frosty Freezing Container ThermoFisher 

Scientific 

Cat# 5100 

Nunc Lab-Tek 8-well chambered 

coverslips  

ThermoFisher 

Scientific 

Cat# 1554411 

PD10 column Cytiva Cat# 17085101 

Poroshell 300SB-C3 column   Agilent Cat# PN 821075-924 

T4 Ligase New England 

BioLabs 

Cat# M0202S 
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Top 10F E. coli Invitrogen Cat# C303003 

White 96-well plates  Greiner Bio-One

  

Cat# 655089 

Xba1 restriction enzyme Promega 

Corporation 

Cat# R6181 

Xho1 restriction enzyme Promega 

Corporation 

Cat# R6161 

 

2.2 Constituents of buffered solutions  

2.2.1 Hank’s Buffered Salt Solution (HBSS) 

The constituents below were combined to create a 1 L 10x concentrated HBSS 

stock solution that was adjusted to pH 7.45. This was then autoclaved and had 

1.8 g of D-Glucose added. This 10x stock was aliquoted and frozen. Working 

stocks were then created by thawing these aliquots and adding MilliQ H2O.  

Constituent Mass (g) Final Concentration (mM) 

Sodium Pyruvate 0.22 2 

NaCl 8.47 145 

KCl 0.37 5 

MgSO4 0.246 1 

HEPES 2.38 10 

CaCl2 0.191 1.3 

NaHCO3 0.126 1.5 

 

2.2.2 Tris Acetate EDTA (TAE) 

Constituent Mass (g) / Volume (mL) Final Concentration (mM) 

Tris  242 g 2000  

0.5 M EDTA  100 mL 50 

Acetic Acid 57.1 mL 1000 

 

2.3 Molecular Biology Techniques 

2.3.1 Transformation of Escherichia coli. 

DH5alpha (or Top10F for site directed mutagenesis) Escherichia coli (E. coli) 

were transformed by a heat shock protocol in which a 50 μL bacterial aliquot 
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was incubated on ice with 20-500 ng of plasmid for 30 minutes followed by a 

30 s heat shock at 42 °C and a 5-minute recovery step on ice. Following this 250 

μL of LB broth was added to the cells and the sample incubated at 330 rpm and 

37 °C for 1 hour. 100 μL of the sample was then spread of a petri dish containing 

15 mL of set Lysogeny broth (LB) agar with 50 μg/mL of ampicillin. 

2.3.2 Preparation and quantification of plasmid DNA stocks 

In order to prepare working stocks of plasmid expression constructs, single 

colonies of transformed E. coli were selected and grown overnight at 37 °C and 

330 rpm in either 5 mL or 200 mL of LB broth with 50 μg/mL of ampicillin. 

DNA was then extracted by alkaline lysis using either a ‘Maxiprep’ or 

‘Miniprep’ kit depending on the volume of DNA needed. These purifications 

were carried out according to the manufacturer’s (Promega) instructions, the 

steps used, and their purposes are outlined in Table 2-1. 

Description of Step Purpose of Step Primary 

Buffer 

constituents 

Cultures were 

centrifuged 

To pellet the bacterial cells (which 

contain the plasmid in their periplasm) 

and remove growth buffer 

N/A 

Cells were suspended in 

‘Cell Re-suspension 

Buffer’ 

To resuspend cells to allow 

homogenous addition of lysis and 

neutralisation reagents. EDTA prevents 

the function of DNAases by chelating 

essential cofactors such as Mg2+, 

EDTA also aids the destabilisation of 

the membrane that occurs in the next 

step. RNase enzyme degrades RNA. 

Tris buffers the solution to prevent 

changes in pH. Glycerol prevents 

changes in osmotic pressure leading to 

cell lysis. 

EDTA, 

RNase A, 

Tris, 

Cells were treated with 

‘Lysis Buffer’  

To lyse cells to release DNA and 

denature proteins. SDS lyses cells 

through its action as a detergent and 

NaOH, 
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through denaturing proteins in the cell 

membrane. NaOH lowers the pH, 

disrupting hydrogen bonds between 

DNA bases.  

Sodium 

dodecyl 

sulfate 

(SDS) 

Lysed cells were treated 

with ‘Neutralisation 

Buffer’ 

To neutralise the alkaline lysis buffer 

allowing the hydrogen bonds within 

plasmid DNA to reform the double 

stranded DNA. SDS in complex with 

genomic DNA and linearised proteins 

reacts with potassium ions to form an 

insoluble KDS salt, causing the 

complex to precipitate.  

Potassium 

acetate, 

Guanidium 

chloride, 

Samples were 

centrifuged 

To separate the cell debris including the 

genomic DNA from the plasmid DNA 

in solution.  

N/A 

The supernatant was run 

through a silica 

membrane column 

To separate the plasmid DNA from the 

solution by precipitation on the silica 

filter (this process is aided by the 

Guanidium chloride, a chaotropic salt 

added in the neutralisation buffer, 

which prevents H2O from interacting 

with the DNA).   

N/A 

‘Endotoxin removal 

wash’ was run through 

the column 

To remove endotoxins and salts from 

the plasmid DNA that could impact 

subsequent experiments.  

Isopropanol,  

Guanidine 

HCl, 

 

‘Column wash’ was run 

through the column 

To remove chaotropic salts from the 

plasmid DNA 

Ethanol 

 

DNA was eluted by 

addition of H2O 

To dissolve DNA allowing separation 

from the filter 

Distilled H2O 

Table 2-1: General description of the key steps and reagents used in alkaline lysis 

purification of plasmid DNA from cultures of transformed bacteria (Koontz, 2013). 

2.3.3 Generation of new plasmid constructs  

2.3.3.1 Restriction cloning 

Restriction cloning of new constructs was undertaken when both plasmids 

containing the gene of interest and vectors with complimentary restriction sites 
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were available. Dual restriction digests were performed in which 2.5 μg of 

plasmid was restricted by 2.5 μL of each enzyme in a buffer in which both 

enzymes had activity, in a volume of 50 μL at 37 °C for 1-2 hours (depending 

on the activities of the enzymes in the buffer used as described by the 

manufacturer).  

The required DNA fragments were then separated by gel electrophoresis. Briefly 

restriction reactions were combined with DNA loading dye and added to a gel 

consisting of 10 mg/mL agarose with 0.2 μg/mL Ethidium Bromide in TAE 

buffer which was placed in a gel tank and submerging in TAE buffer. The gel 

was then run at 90 V for 30-45 minutes depending on the size of the fragment. 

The required DNA fragments were then excised under UV light using a scalpel. 

Control digests and a DNA ladder were used to confirm that the required 

fragment was of the correct mass. The excised DNA was purified from the gel 

using an SV Wizard Gel and PCR clean up kit (Promega) according to the 

manufacturer’s instructions. Briefly these included melting the gel in a 

‘membrane binding’ buffer which contained guanidine isothiocyanate and 

potassium acetate, binding the DNA to a column and then washing the DNA 

with a ‘membrane wash’ buffer which contained potassium acetate, ethanol and 

EDTA, before eluting the resulting DNA in H2O. 

The concentration and purity of both vector and insert fragments were then 

quantified using a spectrophotometer (Novix), which measured the absorbance 

at 260 nm to determine DNA concentration and absorbance at 230 and 280 nm 

to quantify contamination from salts or ethanol and protein respectively. 

Ligation reactions were then set up containing 100 ng of DNA at molar ratios of 

3:1 5:1 or 7:1 insert to vector ratios, with 1 μL of T4 Ligase and 1 x T4 ligase 

buffer (which contains MgCl2 and ATP) with a final volume of 20 μL. The 

reactions were incubated at 16 °C for 16 hours before 10 μL was transformed 

into DH5alpha E. coli as described in 2.3.1.     

2.3.3.2 Site directed mutagenesis or deletion 

Single nucleotide polymorphisms (SNPs) and deletions were introduced using a 

Phusion Site-Directed Mutagenesis Kit (ThermoFisher) according to the 

manufacturer’s instructions. Briefly, 5' phosphorylated primers complementary 
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to the site of interest that incorporated a codon for an alternative amino acid (for 

SNPs) or had a distance between their complementary sequences (for deletions) 

were designed and externally synthesised (Merck). A Polymerase Chain 

Reaction (PCR) was then carried out using the kit’s Phusion enzyme, buffer, 

deoxynucleotide triphosphates (dNTP)s, 5ng of template plasmid, forward 

primers and reverse primers made up to 20 μL in H2O. The protocol was then 

followed according to the manufacturer’s instructions and is summarised in 

Table 2-2. 

Step Purpose  

PCR reaction heated to 98 °C for 30s Phusion is a hot start enzyme. This means 

that the enzyme must first be heated to 98 

°C to activate the enzyme by reversibly 

decoupling an inhibitory ligand that 

prevents endonuclease activity occurring 

prior to the start of the PCR. 

PCR reaction cycled through 30 cycles of 

98 °C for 10s, 55-70 °C (optimised for 

each primer) for 30s and 72 °C for 225s. 

98 °C breaks hydrogen bonds within the 

DNA strands. The temperature is 

dropped to a 2-5 °C below the primer 

melting temperature to allow primers to 

anneal. Incubation at 72 °C allows 

elongation of the PCR product. 

PCR reaction incubated for 10 minutes at 

72 °C. 

This step allows incomplete PCR 

products to be fully elongated. 

The PCR products were run on a gel (as 

described in section 2.3.3.1) with 

restricted plasmids as controls. 

To confirm the successful extension and 

size of the product. 

Samples were digested with the enzyme 

Dpn1 for 15 minutes at 37 °C.  

This enzyme digests methylated 

(template) DNA that has been grown in 

E. coli. 

Samples were ligated by incubation with 

T4 DNA ligase for 10 minutes at 25 °C. 

This joined the blunt ends at the end of 

the DNA strands. Phosphorylated 

primers were used to increase the 

efficiency of this step. 

Table 2-2: Summary of site directed mutagenesis procedure.  



77 

 

SnapGene viewer was used to design primers and to predict annealing 

temperatures. Variations in the annealing temperature, dimethyl sulfoxide 

(DMSO) concentration (0, 2.5 or 5%) and primer concentration (200 or 500 nM) 

were used to optimise successful PCRs. Success of PCRs was predicted by 

measuring the mass of product through gel electrophoresis, after Dpn1 digest 

and ligation these were transformed in TOP10F E. coli (as described in 2.3.1). 

2.3.3.3 Characterisation of novel plasmid constructs 

The successful generation of plasmid expression constructs was confirmed by 

Sanger sequencing at the University of Nottingham’s Deep Seq facility which 

utilises a 3130xl ABI PRISM Genetic Analyzer (Life Technologies). Sanger 

sequencing works by elongating a copy of the template (through PCR with a 

complementary primer) in the presence of fluorescently coded chain terminating 

nucleotides (ddNTP). The sequence can then be read by quantifying the sizes 

and emission of each transcript (França et al., 2002).  

Plasmid sequences were then aligned with the expected sequence using 

www.benchling.com. For site directed mutagenesis or deletion experiments the 

whole gene was sequenced utilising several primers. In these experiments the 

successful elongation of the PCR product was confirmed initially by comparing 

the size of the PCR product with a control vector and then by assessing the 

expression and function of the construct in a mammalian expression line. In loss 

of function mutants such as C115Y, the gene was subsequently restricted and 

removed from the PCR generated plasmid vector and cloned back into the 

original template vector, to confirm that loss of function was due to the mutation 

and not the errors in the vector. 

2.4 Mammalian cell culture 

Human Embryonic Kidney 293T (HEK293T) cells were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) with 10% Fetal Bovine Serum (FBS) in 

tissue culture flasks at 37.5 °C and 5% CO2. Frozen stocks were made by placing 

cells in FBS with 10% DMSO and lowering the temperature at 1 ºC per minute 

using a Mr. FrostyTM freezing container containing isopropanol. Cell lines were 

replaced with these stocks periodically to prevent passage number rising too 

high. Incubations carried out in DMEM based media were undertaken at 37.5 
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°C and 5% CO2 and incubations in HBSS were carried out 37.5 °C without 

additional CO2. Mycoplasma testing of cell line stocks was carried out using a 

mycoStrip TM 100 kit (InvivoGen) which confirmed that the cells were 

uninfected. 

2.5 Transfections 

2.5.1 Transient transfections 

Unless otherwise stated, HEK293T cells were transfected either by batch 

transfection (6-well) or single well (96-well) protocols. Batch transfections were 

used in experiments in which there were a low number of transfection 

conditions. The advantage of this methodology is that transfected cells are mixed 

before being added to assay microplates and therefore the expression is more 

uniform than in 96-well based transfections. Single well transfections were used 

in experiments with a high number of transfection conditions in which it would 

be impractical and wasteful to pursue the batch transfection methodology. In 

addition, the single well methodology reduces experimental artefacts resulting 

from transfection variation between conditions as each replicate is 

independently transfected. The transfection methodology was conserved in all 

experiments where direct comparisons are made between conditions.  

2.5.1.1 Batch transfection (6-well) 

Cells were seeded into 6-well clear tissue culture plates at 2.5x105 cells per mL 

followed by an incubation for 4-6 hours. The cells were then transfected through 

the addition of 100 µL of a transfection mixture containing a 3:1 ratio of 

FuGENE HD (Promega) to cDNA construct in OptiMEM, which had been 

incubated for 10-15 minutes. After 24 hours the cells were trypsinised 

resuspended and centrifuged before being adjusted to the correct concentration 

and seeded according to the specifications of the experiment. 

2.5.1.2 Single well transfections (96-well) 

In NanoBRET experiments with a range of transfection conditions HEK293T 

cells were adjusted to 1.5 x 105 cells/mL and dispensed at 100 µL into a poly-d-

lysine (PDL) coated 96-well white microplate. Cells were then incubated for 24 

hours before being transfected with 100 ng/well cDNA and 0.3 µL FuGENE HD 

in 5 µL of OptiMEM per well that had been incubated for 10-15 minutes prior 
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to addition. Cells were then incubated overnight before the day of the experiment 

at which point media would be removed and replaced according to the 

specification of the experiment.    

2.6 Imaging 

2.6.1 Luminescence imaging 

HEK293T cells were seeded at a density of 1. 5x 105 cells/mL into PDL coated 

35 mm glass bottom plates, in 2 mL of DMEM with 10% FBS and transfected 

as described in the batch transient transfection section. After transfection the 

dishes were incubated for 2 days before media was replaced with 3 mL of 37 °C 

HBSS with 5.13 µM Furimizine. The dishes were then imaged on an LV200 

luminescence microscope (Olympus) equipped with a C9100-23B IMAGE 

EMX2 camera (Hamamatsu) in both brightfield and luminescence settings using 

a 60x/1.42NA oil immersion objective lens and 0.5x tube lens. Exposure was 

adjusted to the level of expression (2-15 s). Scale bars were added to 

luminescence imaging data using Fiji version 1.53 (NIH).  

2.7 Storage and handling of ligands and proteins 

Lyophilised peptides and proteins were made up in PBS with 1 mg/mL BSA, 

except for P630 and P630-TMR which were reconstituted in PBS with 10% 

DMSO to a concentration of 1 mM. Proteins and peptides were stored at -80 °C 

unless they were from a commercial assay that recommended storage at -20 °C 

(e.g. LgBit protein). During the preparation of assays, proteins and peptides were 

thawed and stored on ice.  

2.8 STAT3 phosphorylation AlphaLISA experiments 

Transfected HEK293T cells were plated into a PDL coated 96 well tissue culture 

microplate in DMEM with 10% FBS and incubated overnight. The following 

day media was replaced with serum free DMEM and the cells incubated for 3 

hours. Media was then replaced with HBSS containing 1 mg/mL BSA with or 

without IL-23 and the cells incubated for 30 minutes. An AlphaLISA SureFire 

Ultra assay was then used to measure STAT3 phosphorylation at residue 

Tyr705. Assays were performed according to the manufacturer’s instructions 

and the principles are highlighted in Figure 2-1. Briefly, cells were lysed by 

addition a 1x lysis buffer that released intracellular STAT3 by disruption of the 
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cell membrane. The resulting lysate was then incubated with both acceptor and 

donor beads which were conjugated to antibodies for STAT3 and 

phosphorylated (p)STAT3 (Y705). The level of pSTAT3 was then quantified 

with the use of a PheraStar FS plate reader equipped with an AlphaLISA 680 

615 optic module. This plate reader was equipped with an excitation laser at 680 

nm that was used to excite the donor beads causing the emission of singlet 

oxygen. When the acceptor beads were exposed to singlet oxygen, they were 

induced to produce a fluorescent signal with peak emission at 615 nm that was 

recorded by the plate reader. 

 

Figure 2-1: The general principles of the pSTAT3 alphaLISA assay. A schematic 

demonstrating how excitation of an antibody conjugated donor bead can lead to emission from 

an antibody conjugated acceptor bead via the production of singlet oxygen. 

2.9 NanoBRET experiments 

NanoBRET is a proximity-based technique that allows the measurement of 

cellular molecular interactions through the energy transfer from the luciferase 

NanoLuc to fluorescent molecules. NanoLuc oxidises the substrate furimizine 

to produce light with the strongest emission at 460 nm. This light can then be 

used to excite a fluorescent molecule, that has an overlapping excitation 

wavelength with the emission of NanoLuc and a longer wavelength emission 

than NanoLuc. The interaction can then be quantified by the production of the 

fluorescent signal, with the strength of the signal being dependent on both 

proximity (closer contact allows more efficient energy transfer) and orientation 
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(due to the alignment of dipoles within the donor and acceptor molecules). In 

NanoBRET experiments the donor is generally a protein that is expressed with 

the NanoLuc tag at either the C or N terminus, the acceptor molecule is either a 

protein tagged with a fluorescent tag or a synthetic ligand chemically tagged 

with a fluorescent moiety (Machleidt et al., 2015). 

 

Figure 2-2: The principles of NanoBRET. (Top) A schematic demonstrating the principles of 

NanoBRET assays. NanoLuc crystal structure is taken from PDB: 5IBO. (Bottom) A cartoon 

representation of the donor and acceptor wavelengths used to calculate the BRET ratio (acceptor 

divided by donor signal). 

2.9.1 Fluorescent ligand binding and competition experiments 

In ligand binding experiments, white 96-well microplates containing transfected 

HEK293T cells had media removed and replaced with 50 µL per well of 

increasing concentrations of IL23-TMR or P630-TMR in HBSS with 1 mg/mL 

BSA either with or without an excess of unlabelled IL-23 (with this varied 

according to the affinity of IL23-TMR to the constructs expressed, with the 

concentration used noted in the figure legend) or P630 (10 μM) respectively to 

quantify non-specific binding. Experiments using P630-TMR were normalised 

to 0.1% DMSO. In competition binding assays media was replaced with 50 µL 

per well of increasing concentrations of the test ligand in HBSS with 1 mg/mL 

BSA and a constant concentration of fluorescent ligand. In both assay formats 
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plates were incubated for 1-hour before the addition of 5 µL of 77 µM 

Furimizine per well, followed by a further 4-minute incubation and reading of 

the microplate on a Pherastar FS plate reader (BMG Labtech) using a 450 nm 

(30 nm bandpass) and >550 nm filter with gains of 2000 and 3000 respectively.    

2.9.2 Kinetic association and dissociation experiments 

Batch transfected HEK293T cells had media removed and replaced with 25 μL 

HBSS with 1 mg/mL BSA containing 15.4 μM furimizine. The cells were 

incubated for 5 minutes at 37 °C before 25 μL HBSS with 1 mg/mL BSA was 

added containing IL23-TMR with or without an excess of IL-23 or media with 

or without 300 pM IL-23 for P630-TMR experiments. The microplate was then 

immediately transferred to a Pherastar FS plate reader and read repeatedly at 1-

minute intervals, for 40 minutes using a 450 nm (30 nm bandpass) and >550 nm 

filters. The temperature of the plate was maintained at 37°C during the 

experiment using heating plates within the reader’s incubation chamber. 

Following this the microplate was removed from the reader, had buffer removed 

and replaced with 50 μL HBSS with 1 mg/mL BSA containing 30 nM IL-23. In 

P630-TMR experiments 50 μL HBSS with 1 mg/mL BSA containing 75 nM 

P630-TMR was added at this stage, with or without 750 nM P630, additional 

iterations of this step were carried out at 40-minute intervals in which media was 

replaced with an excess of unlabelled competitor or 300 pM IL-23 with 75 nM 

P630-TMR. 

2.10 Data analysis 

2.10.1 Ligand binding and transduction experiments 

Pherastar plate reader data was analysed using MARS data analysis software 

(BMG Labtech) including the generation of a BRET ratio, by dividing the 

acceptor signal at 535 ± 30, <550 or <610 nm by the donor signal at 475 ± 30, 

450 ± 30 or 460 ± 80 nm respectively, depending on the filter used.  

Data were stored and analysed in Excel (Microsoft). Creation of graphs, fitting 

of data and statistical tests were carried out using Prism software (GraphPad).  

The fitting models used by prism and their purposes in this project are defined 

below. Numbered equations will be referred to in the legends of figures in which 

they have been used to fit data. 
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Affinity measures for fluorescent ligands measured in the presence and absence 

of an excess of unlabelled inhibitor were determined by fitting specific and non-

specific binding simultaneously to prism’s ‘One site – Total and non-specific 

binding’ model which uses equation 1 with shared parameters for A and C. 

Equation 1: 

𝐵𝑅𝐸𝑇 𝑟𝑎𝑡𝑖𝑜 =  
𝐵𝑚𝑎𝑥. [𝐿]

([𝐿] + 𝐾𝑑)
+ ((𝐴. [𝐵]) + 𝐶) 

Where Bmax is the maximal specific binding, [L] is the concentration of 

fluorescent ligand, Kd is the dissociation constant, A is the slope of the non-

specific binding component and C is the Y intercept.  

The concentration that gave 50% total binding for normalised binding data was 

generated by fitting data to Prism’s ‘One site – specific binding’ model which 

used equation 2: 

Equation 2: 

𝐵𝑅𝐸𝑇 𝑟𝑎𝑡𝑖𝑜 =
𝐵𝑚𝑎𝑥 . [𝐿]

([𝐿] + 𝐶)
 

Where Bmax is the maximal specific signal of the curve, [L] is the concentration 

of ligand and C is the concentration of ligand that causes 50% of the specific 

signal.   

In experiments in which it was thought that there may be two binding sites the 

data was fit to Prism’s ‘Two sites – specific binding’ model which was fitted to 

a two-site binding equation with equation 3: 

Equation 3:  

𝑌 =
𝐵𝑚𝑎𝑥1.[𝐿]

([𝐿]+𝐾𝑑1)
+

𝐵𝑚𝑎𝑥2.[𝐿]

([𝐿]+𝐾𝑑2)
   

 

Where Bmax1, Bmax2 are maximal binding levels are the initial and secondary 

plateaus and Kd1 and Kd2 are Kd values of the two components.   
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Competition experiments in which IC50 was determined for inhibitors were 

analysed by fitting the data to Prism’s ‘[Inhibitor vs response – variable slope] 

(four parameters)’ model which used equation 4: 

Equation 4: 

𝑌 = 𝐵𝑚𝑖𝑛 +
𝐵𝑚𝑎𝑥 − 𝐵𝑚𝑖𝑛

1 + (
𝐼𝐶50

[𝐼]
)

𝐶  

Where Bmax is the maximal signal, Bmin is the minimum signal, IC50 is the 

compound’s 50% inhibitory concentration, [I] is the concentration of competing 

drug and C is the Hill slope of the curve. When the data was normalised to % 

inhibition using a high and a low control Bmax and Bmin were constrained to 100 

and 0 respectively. 

Experiments which measured the EC50 of signalling induction were analysed by 

fitting data to Prism’s ‘[Agonist vs response – variable slope] (four parameters)’ 

model which used equation 5: 

Equation 5: 

𝑌 = 𝐵𝑚𝑖𝑛 +
[𝐴]𝐶(𝐵𝑚𝑎𝑥 − 𝐵𝑚𝑖𝑛)

[𝐴]𝐶 + 𝐸𝐶50
𝐶  

Where Bmax is the maximal signal, Bmin is the minimum signal, EC50 is the log 

of the compound’s 50% activating concentration, [A] is the concentration of 

agonist and C is the Hill slope of the curve.  

If antagonists were determined to act in a competitive manner, Ki values were 

then generated from IC50 measures by using the Cheng-Prusoff equation: 

𝐾𝑖 =
𝐼𝐶50 

1 +
[𝐿]
𝐾𝑑 

 

Where Kd is the dissociation constant calculated for the fluorescent ligand and 

[L] is the concentration of fluorescent ligand used. 
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Linear regression analysis was also performed on the relationship between IC50 

and fluorescent ligand concentration using a variant of the Cheng-Prusoff 

equation: 

𝐼𝐶50 =   ([𝐿]
𝐾𝑖

𝐾𝑑
  ) + 𝐾𝑖      

In which the y intercept gave Ki and the gradient of the slope gave Ki / Kd. 

For kinetic experiments in which IL23-TMR associated to the receptor and then 

was dissociated through replacement of the media with an excess of unlabelled 

ligand the Prism model ‘Association then dissociation’ was utilised which uses 

the equations below: 

Equation 6:  

𝑘𝑜𝑏𝑠 = ([𝐿]. 𝑘𝑜𝑛) + 𝑘𝑜𝑓𝑓  

𝐾𝑑 =  
𝑘𝑜𝑓𝑓

𝑘𝑜𝑛
 

𝑌 = 𝐵𝑚𝑎𝑥(1 −log(𝑘𝑜𝑏𝑠. 𝑇)) 

Where [L] is the concentration of IL23-TMR used, Bmax is the maximal signal 

and T is time. 

To determine the koff of fluoroligands from their dissociation in an excess of an 

unlabelled competitor the data with fit to the Prism model ‘One phase decay’ 

which used equation 7: 

Equation 7: 

𝐵𝑅𝐸𝑇 𝑠𝑖𝑔𝑛𝑎𝑙 = (𝑌0 − 𝐵𝑚𝑖𝑛). log(−𝑘𝑜𝑓𝑓. 𝑇) + 𝐵𝑚𝑖𝑛 

Where Y0 is the BRET value at time 0, Bmin is the plateau of the dissociation, 

and T is time. 

When the dissociation could potentially be two phase the data was fit with 

Prism’s ‘two phase decay’ model which used equation 8: 

Equation 8: 

𝐴 = (𝑌0 − 𝐵𝑚𝑖𝑛). %𝐹𝑎𝑠𝑡 
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𝐵 = (𝑌0 − 𝐵𝑚𝑖𝑛). (100 − %𝐹𝑎𝑠𝑡) 

𝑌 = 𝐵𝑚𝑖𝑛 + 𝐴. log(−𝐾𝐹𝑎𝑠𝑡. 𝑋) + 𝐵. log (−𝐾𝑆𝑙𝑜𝑤. 𝑋) 

Where %Fast is the fraction of the signal decay due to the fast dissociation step, 

Bmin is the plateau of the dissociation, KFast is the rate of the fast dissociation 

step and KSlow is the rate of the slow dissociation step. 

To determine a measure of kon from a single concentration of associating 

fluoroligand. The kobs of one concentration of associating ligand was first 

measured using Prism’s ‘One-phase association’ model which utilises the 

equation 9: 

Equation 9: 

𝐵𝑅𝐸𝑇 𝑠𝑖𝑔𝑛𝑎𝑙 = 𝑌0 + (𝐵𝑚𝑎𝑥 − 𝑌0) (1 − log(−𝑘𝑜𝑏𝑠. 𝑇) 

Where Y0 is the BRET signal at time 0, Bmax is the maximal BRET signal and T 

is time. 

The equations below were used to convert the kobs and pre-determined value for 

IL23-TMR KD to kon: 

𝑘𝑜𝑓𝑓 = 𝑘𝑜𝑛. 𝐾𝐷  and 𝑘𝑜𝑏𝑠 = [𝐿]. 𝑘𝑜𝑛 +  𝑘𝑜𝑓𝑓 

These equations were re-arranged to form Equation 10 as shown below: 

(1) 

𝑘𝑜𝑏𝑠 = [𝐿]. 𝑘𝑜𝑛 + 𝑘𝑜𝑛. 𝐾𝐷 

(2) 

𝑘𝑜𝑏𝑠 = 𝑘𝑜𝑛([𝐿] + 𝐾𝐷) 

(3) Equation 10:  

𝑘𝑜𝑛 =
𝑘𝑜𝑏𝑠

[𝐿] + 𝐾𝐷
 

Where kobs is the rate of association, [L] is the concentration of ligand used and 

KD is the pre-determined dissociation constant of IL23-TMR.  
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To determine a measure of kon or koff from the pre-determined value for IL23-

TMR’s Kd and the koff or kon measured using equation 7 or 10 respectively the 

below equation was used: 

𝐾𝐷 =
𝑘𝑜𝑓𝑓

𝑘𝑜𝑛
 

2.10.2 Statistical tests 

All statistical tests were carried out using Graphpad prism. Normalcy of data 

was first confirmed using a Shapiro-Wilk test (all statistically analysed data was 

found to be parametric).   

When two sets of data were tested for statistically significant differences an 

unpaired t test was used, unless the replicate data were generated from 

equivalent cells transfected with the same transfection mix on the same day, in 

which case a paired t test was used. 

The significance of differences between multiple conditions were tested using a 

one-way ANOVA. Analysis of individual differences between multiple 

conditions were conducted by analysing the ANOVA results with Tukey-

Kramer multiple comparison test.  

Comparison of fits were made by analysis of the residual sum of squares using 

the partial F-test as described previously (Cooper et al., 2019). 
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Chapter 3. Measuring the affinity of IL-23 to full-

length receptor subunits and receptor complexes in 

living cells  

3.1 Introduction 
The discovery, cloning and engineering of luciferase reporters has been highly 

enabling for biological research. The first luciferases to be cloned for use in 

biotechnology were extracted from bacteria, the sea pansy (Renilla reniformis) 

and the firefly (Photinus pyralis) (Roda et al., 2004). In 2012 the biotechnology 

company Promega reported the development of a novel coelenterazine derived 

substrate named furimazine and a novel luciferase named NanoLuc developed 

from the deep-sea shrimp (Oplophorus gracilirostris) that was smaller (19 kDa 

vs Renilla luciferase 36 kDa) and brighter than previously available luciferases 

(Hall et al., 2012). In addition, the parent enzyme was secreted to confuse 

predators meaning that the modified enzyme was easily exported to the cell 

surface in recombinant cell systems enabling the N-terminal labelling of 

receptors (Hall et al., 2012). 

This new luciferase substrate combination was quickly adapted for use in BRET 

assays, with this technique termed NanoBRET (Dale et al., 2019). NanoBRET 

has been used in ligand binding assays with fluorescently labelled probes for 

both cell surface (Stoddart et al., 2018) and intracellular targets (Robers et al., 

2015) and in protein-protein interaction assays (Machleidt et al., 2015). The 

acceptor fluorophore in fully recombinant protein-protein interaction assays can 

either be a fluorescent protein or a bio-engineered enzyme capable of binding a 

specific substrate (Dale et al., 2019). Examples of this class of proteins are 

SNAP-Tag and HaloTag. SNAP-Tag is an engineered O6-alkylguanine-DNA 

alkyltransferase enzyme that can irreversibly bind a O6-benzylguanine substrate 

(Keppler et al., 2003). HaloTag is engineered from an haloalkane dehalogenase 

enzyme and can covalently bind a chloroalkane substrate (Los et al., 2008). 

HaloTag has a quicker labelling rate than SNAP-Tag, however it is the larger of 

the two proteins (33 vs 19.4 kDa) (Hoelzel and Zhang, 2020). HaloTag and 

SNAP-Tag ligands can be conjugated to a variety of labels including fluorescent 

dyes which can then be used to measure their interaction with Luciferase labelled 
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proteins. Labelling proteins with HaloTag or SNAPTag rather than traditional 

fluorescent proteins is advantageous due to the flexibility of dyes that can then 

be used including membrane permeable and impermeable varieties (Dale et al., 

2019). Using intrinsically fluorescent proteins however, means that no substrate 

needs to be purchased and the cells need not be subjected to labelling protocols 

which can lead to loss of cells during wash steps. 

The IL-23 receptor is an important drug target for auto-inflammatory diseases 

however the affinity of the receptor or receptor components for their ligand has 

not yet been reported in live cells. In addition, there have been conflicting reports 

as to whether the IL-23 receptor is activated by ligand induced dimerization or 

conformational change (Bloch et al., 2018; Sivanesan et al., 2016). In this 

chapter NanoBRET will be used to measure the affinity of IL-23 for its full-

length receptor components expressed on living cells and to measure the effect 

of IL-23 on the proximity of the receptor components.             

The IL-23 receptor is a heteromer made up of two single TMD containing 

proteins. Observations at other closely related cytokine receptors indicate that 

the anchoring of the TMD in the membrane is likely to be important for the 

formation and activation of the ligand-receptor complex (Maruyama, 2015; 

Waters and Brooks, 2015; Westerfield and Barrera, 2020). By utilising an 

immortalised cell line expressing tagged receptor components, the receptor can 

be studied in the presence of the membrane and associated signal transducing 

proteins. Such a cell line should be easily cultured and transfected and not 

endogenously express IL-23 receptor components. Human Embryonic Kidney 

293T (HEK293T) are such a cell line and provide a well validated host system. 

The expression of project relevant genes in HEK293T cells is demonstrated in 

Figure 3-1, this transcriptomic analysis indicates that neither IL-23 or its 

receptor are expressed in this cell line, however RNA for key transducers, 

including STAT3, TYK2 and JAK2 (albeit at a low level) is present (Uhlen et 

al., 2019). 
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Figure 3-1: Expression of relevant genes in HEK293T cells. HEK293T transcriptomic 

sequencing performed by the human protein atlas (Uhlen et al., 2019), values taken from 

www.proteinatlas.org. IL-12 family cytokine genes are coloured red, JAK proteins in blue, 

STAT proteins in green, negative regulators in purple and additional signal transducers in black.     

There are several methodologies through which recombinant tagged genes can 

be introduced into model cell lines, these include plasmid transfection, viral 

transduction and CRISPR/Cas9 mediated knock in. IL-23 receptor expression is 

restricted to a small number of specialist cell types (as discussed in section 1.6). 

As CRISPR/Cas 9 knock in requires that the genomic product is expressed 

(Horioka et al., 2020), the restricted expression of the receptor would limit the 

methodology to cell types requiring specialist culturing conditions, subject to a 

limited number of passages. In addition, the knock in of large tags such as NL, 

SNAP or HT may be problematic using this methodology (He et al., 2016).  

Plasmid or viral vectors would both be appropriate for this work, however the 

production of viral vectors is a more complex and time-consuming process, due 

to the number of planned expression vectors and the ease of HEK293T plasmid 

transfection, this approach will be used. 

Purified IL-23 was donated to this project by GSK, this reagent was originally 

expressed by suspension HEK293 cells and purified using a his-tag conjugated 

to IL23p19. This approach would prevent monomeric IL12p40 being purified 
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which is known to be expressed in isolation. The reagent was purified in 2008 

and has since been stored at -80 °C, due to the time elapsed since this original 

purification the reagent must be characterised before use in the project.    

When labelling purified proteins for use in BRET or FRET assays there are two 

general approaches, namely site specific or non-specific labelling. There are 

several site-specific labelling approaches, most involving the creation of an 

expression vector containing a fusion of the protein with a reactive group 

(Kilpatrick et al., 2017; Thimaradka et al., 2021). This vector is then expressed 

and purified before being labelled by the addition of a dye specific to the reactive 

group. In non-specific labelling techniques, dyes are used which react to residues 

found naturally within the protein, typically lysine or cysteine residues (Kalkhof 

and Sinz, 2008; Kim et al., 2008). Site specific labelling has the advantage of 

creating a more consistent reagent with a known labelling site, allowing the 

intentional positioning of the tag away from binding interfaces and in specific 

orientations in relation to the donor. Non-specific labelling is a quicker and 

easier process and does not require protein purification if a stock of pre-existing 

protein is available.  

3.2 Aims 

The aims of this chapter were to generate and characterise the reagents needed 

for the measurement of the interaction of IL-23 with the IL-23 receptor in live 

cells. As this was the first time that the NanoBRET methodology was used at 

the IL-23 receptor, a new experimental system with new reagents needed to be 

generated. It was also essential that these new reagents were validated and 

characterised to allow confidence in further results, especially as there are no 

reports of the use of the methodology at other related cytokine receptors. 

Specifically, this chapter aimed to validate the IL-23 protein donated by GSK 

using LC-MS, label this IL-23 protein with fluorophore and characterise the 

fluorescent cytokine using FCS and LC-MS. In addition, this chapter aimed to 

generate new cDNA constructs needed for the project and to validate these with 

DNA sequencing. The expression and localisation of N-terminally tagged 

expression constructs was then validated through imaging and comparison to 

standard curves. The ability of these constructs to transduce following IL-23 

binding was also measured using phospho-STAT3 signalling assays.  
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Using these validated reagents, the chapter aimed to create a NanoBRET ligand 

binding assay to measure the affinity of IL-23 for its receptor and individual 

receptor components, expressed in the membrane of living cells. This assay will 

then be used to characterise the kinetics of the ligand binding interaction and the 

affinity of the unlabelled ligand. NanoBRET will also be used to create an intra-

receptor energy transfer assay to monitor the effect of ligand engagement on the 

relative position of the N-terminal domains of the IL-23 receptor components.  

3.3 Methods 

3.3.1 Generation of mammalian expression constructs 

NanoLuc constructs were custom made at Genscript by synthesis of either 

IL23R or IL12Rβ1 without their endogenous signal peptides and the subsequent 

sub-cloning of these, into a pNLF vector (Promega) using Xho1 and Xba1, 

which previously had an IL-6 secretion signal added to the N-terminus of 

NanoLuc via mutagenesis. The resulting open reading frames encoded an N-

terminal IL-6 secretion signal followed by NanoLuc then a linker with the amino 

acid sequence GSR between the NanoLuc fusions and the N-terminus of either 

IL23R or IL12Rβ1. HaloTag constructs were custom synthesised at Genscript 

by synthesis of cDNAs encoding an N-terminal IL-6 secretion signal followed 

by HaloTag which was fused to either IL23R or IL12Rβ1 by a linker with the 

sequence EPTTEDLWFQSDN that contained a Tobacco Etch Virus (TEV) 

protease site. These cDNAs were then sub cloned into pNLF plasmids via Nhe1 

and Not1 restriction sites. 

SNAP-IL12Rβ1 was  cloned into the Xho1 and Xba1 sites of an N-terminal 

SNAP-Tag with an N-terminal murine 5-HT3A receptor secretion signal (Gherbi 

et al., 2015) generated by restriction cloning IL12Rβ1 from an N-terminal 

NanoLuc tagged plasmid (Genscript) this yielded a 20 amino acid linker with 

the sequence STSPVWWNSADIQHSGGRSR between the SNAP-Tag and 

IL12Rβ1.  The resulting plasmid was sequenced using primers specific for the 

SNAP plasmid (BGH Reverse) and the insertion of IL12Rβ1 was confirmed 

through alignment with the parent plasmid. 
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3.3.2 Transfections  

Unless otherwise stated batch transfections were used in which the total DNA 

concentration was 2 µg per well consisting of 1 µg of one receptor construct and 

1 µg of another receptor construct or pc3.1 zeocin plasmid for normalisation. 

For NL-IL12Rβ1 and IL23R 1:10 DNA ratio experiments, 2.2 µg total DNA per 

well was used with 2 µg of IL23R construct. Following batch transfections cells 

were incubated overnight before being re-seeded into assay plates in the 

afternoon of the following day.  

Single well transfections were used for assays in which the concentration of 

SNAP-IL12Rβ1 DNA was titrated with NL-IL23R (i.e. Figure 3-7 and Figure 

3-18). 

In fluorescence imaging experiments 2 x 105 HEK293T cells were seeded in 

300 µL of media into 8-well glass plates coated with PDL and incubated 

overnight. The following day each well was transfected with a 10 µL 

transfection mix made up of 200 ng cDNA consisting of 100 ng of each 

receptor construct and 0.6 µL of FuGENE HD in OptiMEM. 100 ng of pc3.1 

zeocin empty vector was included if only one receptor monomer was to be 

expressed.   

3.3.3 Non-specific labelling of purified IL-23  

HEK293T purified recombinant IL-23 protein (donated by GSK) was non-

specifically labelled via a 2-hour incubation of 100 μg of protein with 21.4 µM 

of NHS ester coupled TAMRA dye (a 1:3 molar ratio) in 200 μL of Phosphate 

Buffered Saline (PBS; pH 7.4). Ten of these reactions were then run through 

PD10 desalting columns (Cytiva) and combined to form the sample used in this 

study. The concentration of IL-23 in the labelled sample was determined by 

measuring the UV absorbance at 280 nm with a Nanodrop spectrophotometer 

(ThermoFisher Scientific) and comparing these to the equivalent value for the 

unlabelled sample.     

3.3.4 Liquid Chromatography coupled Mass Spectrometry  

The intact mass of unlabelled and labelled IL-23 was further characterised by 

liquid chromatography coupled mass spectrometry (LC-MS). Samples were 

analysed on Reversed-Phase (RP) chromatography (BioResolve RP column (2.1 
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x 50 mm, 2.7 µM, PN:  on BioAccord RDa system (Waters). Samples were 

desalted by washing with 0.1% formic acid in 25% acetonitrile and eluted using 

linear gradient with 0.1% formic acid up to 80% acetonitrile at a flow rate of 0.5 

mL/min. The eluate was ionised by electrospray ionisation (ESI). The column 

temperature was maintained at 80 ºC, RDa acquisition was set to high mass 

range (400-7000 m/z) in positive ion mode with the following source settings: 

cone voltage - 70 V, capillary voltage - 1.5 kV and the desolvation temperature 

- 550 ºC. Where samples were reduced to their monomeric subunits prior to LC-

MS quantification, Dithiothreitol (DTT) was added to a final concentration of 

50 mM prior to injection.  

LC-MS data was analysed using UNIFI v1.9.4 (Waters). Chromatography peaks 

were integrated between 0.5 and 1.5 min and mass spectra of multiply charged 

state species were de-convoluted to produce mass output using the MaxEnt1 

algorithm to the closest Da. 

3.3.5 Fluorescence Correlation Spectroscopy analysis  

Solution Fluorescence Correlation Spectroscopy (FCS) was carried out as 

previously described (Briddon et al, 2004; Kilpatrick et al., 2017). Briefly 

samples were imaged in 8-well chambered Nunc Labtek cover glasses (No. 1.0 

borosilicate glass bottom) using an LSM 880 microscope with a 40X c-

Apochromat 1.2 NA water-immersion objective (Zeiss) at 24 °C. Samples were 

excited with a Diode pumped solid state (DPSS) 561 nm laser and emission light 

collected through a 553-695 nm band pass onto a GaAsP detector using a pinhole 

set at 1 airy unit. The confocal volume was set to 200 µm above the coverslip 

surface and beam paths were calibrated using a solution of 20 nM TAMRA (5-

6 carboxy mixed isomers; D = 2.88 x 10-10 m2/s) prepared in high performance 

liquid chromatography grade H2O. Calibration measurements were collected 

using ten 10 s and one 60 s reads. FCS measurements were performed using a 

range of IL23-TMR concentrations in PBS with or without 1 mg/mL protease-

free BSA. Measurements were recorded at 1 kW/cm2 laser power for four 15 s 

reads.   
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FCS analysis was carried out with Zen Black 2012 software (Zeiss). The size of 

the confocal volume was first measured using the calibration measurement of 

the diffusion time of TAMRA. Fluctuations of fluorescence caused by the 

diffusion of TAMRA through the confocal volume were converted to an 

autocorrelation curve using the equation shown below: 

𝐺(𝜏) = 1 +
< 𝛿𝐼(𝑇). 𝛿𝐼(𝑇 + 𝜏) >

< 𝐼 >2
 

Where δI is the size of the fluctuation in fluorescence intensity, <I> is the mean 

fluorescence intensity and T is time. 

The autocorrelation curve was then fit using a one-component, free 3D, 

Brownian diffusion model including a pre-exponential for triple state of the 

fluorophore (Briddon et al., 2004). This analysis yielded both the diffusion time 

of TAMRA through the confocal volume (the halfway point of the 

autocorrelation curve) and the structural parameter (the ratio of the height to 

waist radius) of the confocal volume. 

The TAMRA diffusion time allowed the calculation of the radial waist of the 

confocal volume through the equation: 

𝑅𝑎𝑑𝑖𝑎𝑙 𝑤𝑎𝑖𝑠𝑡 = √4𝑥𝐵𝑥𝐷 

Where B is the diffusion time of TAMRA (measured in the calibration read) and 

D is the literature value for the diffusion coefficient of TAMRA. 

The radial waist of the confocal volume could then be used to calculate the size 

of the confocal volume using the equation:  

𝐶𝑜𝑛𝑓𝑜𝑐𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 =  (𝜋1.5(𝑤2(𝑆𝑥𝑤))1000 

Where w is the radial waist and S is the structural parameter (measured in the 

calibration read). 

Fluctuations of IL23-TMR diffusing through the confocal volume were then 

fitted to an autocorrelation curve using the same analysis method used for 

TAMRA. This analysis yielded the number of particles in the confocal volume 

which was used to calculate the concentration of fluorescent molecules using the 

equation: 
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[𝐹𝑙𝑢𝑜𝑟𝑜𝑙𝑖𝑔𝑎𝑛𝑑] =  
𝐴

(𝐶𝑥𝑁𝐴)
 

Where A is number of particles in the confocal volume, C is the size of the 

confocal volume in liters (which was measured using calibration with TAMRA) 

and NA is Avogadro’s number. 

FCS data were also fitted to a two-component photon counting histogram (PCH) 

model using an algorithm within the Zen software (Nederveen-Schippers et al., 

2021) to derive the ratio of mono to multi-labelled particles. A 20 µs bin time 

was used (it was confirmed that this bin time was not too short by checking the 

variability of the data and that it was not too long by checking that there were 

adequate data points to fully define the curve). A first order correction value to 

account for deviations from a Gaussian distribution (a value that was determined 

in the calibration measurements on each experimental day) was used to calibrate 

the analysis. 

3.3.6 Imaging  

3.3.6.1 Immuno-cytochemical imaging of NanoLuc fused constructs 

HEK293T cells were seeded and transfected in 8-well glass bottom plates as 

described in the transient transfection section. The following day cells were 

washed with PBS and fixed with 3% Paraformaldehyde (PFA) for 15 minutes. 

The cells were then washed three times with PBS and incubated with 30 mg/mL 

BSA and 10 mg/mL glycine in PBS for 30 minutes. The cells were washed three 

times with PBS and then incubated in 10% chicken serum in PBS for 30 minutes. 

This mixture was then replaced with 1000-fold diluted rabbit anti-NanoLuc 

antibody in PBS with 10% chicken serum. The plates were then incubated 

overnight at 4°C. The following day the cells were washed three times with PBS, 

followed by the addition of a 500-fold dilution of AF488 labelled chicken anti-

rabbit antibody in PBS with 10% chicken serum. Following an hour-long 

incubation, cells were washed three times with PBS and 2 mg/mL Hoechst 

nuclear stain in PBS was added. The plates were incubated for 10 minutes, 

washed three times with PBS and then imaged using a Zeiss LSM 880 

microscope fitted with a 63x PlanAprochromat oil objective (1.4 NA, Zeiss), 

using an Argon 488 nm laser (2%) and a 405-30 nm diode laser (2%) for 

excitation. The pinhole was set at 1 Airy Unit. Emission from AF488 and 
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Hoescht labels were imaged on separate tracks using a 488 nm beamsplitter and 

495-630 nm band pass or a 405 nm beamsplitter and a 410-495 nm band pass 

respectively. All images were taken with 1024 x 1024 pixels per frame with 8 

averages.     

3.3.6.2 Imaging of SNAP and HT fused constructs 

HEK293T cells were seeded and transfected in 8-well glass bottom plates as 

outlined in the transient transfection section. The following day cells were 

washed with PBS and then labelled with 500 nM of either AF488 HaloTag 

ligand or SNAP-Tag AF488 substrate in HBSS and incubated for 30 minutes at 

37°C. The cells were then washed three times with HBSS and fixed by 

incubation with 3% PFA in PBS for 15 minutes. The cells were then washed 

twice with PBS and then incubated with 2 mg/mL Hoechst stain in PBS for 10 

minutes. The cells were then washed three times with PBS before being imaged 

on a Zeiss LSM 880 microscope as previously described in the immuno-

cytochemical imaging section. 

3.3.7 Intra-receptor NanoBRET 

Cells were plated and single well transfected as previously described, to give 

varying ratios of NL-IL23R to SNAP-IL12Rβ1. On the day of the experimental 

read, media was replaced with 50 µL of DMEM with FBS with 0.2 µM 

SNAPTag-AlexaFluor488 membrane impermeable substrate, cells were then 

incubated for 30 minutes and washed three times with HBSS. The buffer for the 

labelled cells was replaced with HBSS with 1 mg/mL BSA with or without 10 

nM IL-23 and incubated for one hour. Plates were then read for fluorescent 

intensity on a PheraStar FS using excitation at 485 nm and emission at 520 nm. 

Following this 5 µL of 77 µM Furimizine per well was added and a further 4-

minute incubation was carried out before plates were read using 475 nm (30 nm 

bandpass) and 535 nm (30 nm bandpass) filters with gains of 2800 and 3600 

respectively on a PheraStar FS.  

3.3.8 Ligand induced intra-receptor NanoBRET 

To measure agonist induced changes in intra-receptor NanoBRET with a 

titration of IL-23, HEK293T cells that had previously been batch transfected 

were re-suspended and adjusted to 2 x 105 cells/mL. Cells that expressed 
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HaloTag fused constructs then had 100 nM HaloTag 618 ligand added. All cells 

were then dispensed at 100 µL into PDL coated 96-well white clear bottom 

microplates. On the day of the experimental read, cells transfected with SNAP-

Tag fused constructs had media replaced with 50 µL of DMEM with FBS with 

0.2 µM SNAPTag-AlexaFluor488 membrane impermeable substrate and were 

then incubated for 30 minutes followed by three washes with HBSS. The buffer 

for the labelled cells was then replaced with HBSS with 1 mg/mL BSA with or 

without increasing concentrations of IL-23 and incubated for one hour. 5 µL of 

77 µM Furimizine per well was then added and a further 4-minute incubation 

before plates were read using a Pherastar FS. Cells labelled with SNAP-Tag 

AF488 dye were read using 475 nm (30 nm bandpass) and 535 nm (30 nm 

bandpass) filters with gains of 2800 and 3600 respectively. Cells labelled with 

Halotag 618 dye were read using 460 nm (80 nm bandpass) and >610 nm 

longpass filters with gains of 2000 and 3000 respectively.    

3.3.9 Standard curves 

Standard curves of recombinant NanoLuc (expressed in E. coli and purified 

using an N-terminal His-tag was gifted by Dr Bradley Hoare) or SNAP-AF488 

substrate (Promega) were conducted by creating serial dilutions of these 

reagents in 50 µL HBSS with 1 mg/mL BSA in white clear bottom 96-well 

microplates. The microplate containing the NanoLuc titration had 5 µL of 77 

µM Furimizine added to each well and was then incubated at 37°C for 4 minutes. 

Both micoplates were then read on the same Pherastar plate reader used in 

cellular NanoBRET experiments, using the equivalent settings.   
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3.4 Results 

3.4.1 Characterisation of NanoLuc fusions of the IL-23 receptor 

After receipt of custom synthesised IL23R and IL12Rβ1 NanoLuc fusion 

expression constructs, their expression was assessed in transiently transfected 

HEK293T cells using luminescence imaging (Figure 3-2). This experiment 

showed luminescence emanating from the membrane of HEK293T cells (as 

compared to the location of the plasma membrane in associated brightfield 

imaging), demonstrating that both NL-IL23R and NL-IL12Rβ1 localised to the 

plasma membrane. To add further confirmation that NanoLuc fusions were 

membrane expressed immuno-cytochemical imaging was carried out on 

transfected cells labelled with a rabbit anti-NanoLuc antibody (Figure 3-3). 

These experiments confirmed that NanoLuc fused constructs were surface 

expressed. 
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Figure 3-2: Luminescence imaging of NanoLuc fusions of the IL-23 receptor. Brightfield (centre) and 

luminescence (right) images of HEK293T cells expressing NL-IL12Rβ1, NL-IL-23R, NL-IL12Rβ1 co-

expressed with IL23R and NL-IL23R co-expressed with IL12Rβ1 (as depicted in the cartoons on the left). 

A 3 s exposure was used for NL-IL12Rβ1 transfected cells and a 10 s exposure for NL-IL23R transfected 

cells. Scale bar represents 50 µm. Images are representative of those collected in five independent 

experiments. 
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Figure 3-3: Immuno-cytochemical imaging of NanoLuc fusions of the IL-23 receptor.  

Immuno-cytochemical imaging of transfected HEK293T cells labelled with an anti-NanoLuc 

antibody presented with (centre) and without (left) Hoechst staining of the nucleus. Brightfield 

imaging with Hoechst staining (right) is also shown for comparison. Images were taken on the 

same day using equivalent settings and are representative of those taken in three independent 

experiments. Scale bar represents 40 µm.   
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The luminescence and immuno-cytochemical imaging experiments revealed 

that the cells expressing NL-IL12Rβ1 were brighter than those expressing NL-

IL23R (necessitating the variation of exposure times for each condition for the 

luminescence imaging), indicating that NL-IL12Rβ1 was expressed at a higher 

level than NL-IL-23R. To further explore this and to allow the approximation of 

the concentration of NanoLuc labelled constructs expressed in subsequent 

NanoBRET experiments, a standard curve of purified NanoLuc was created 

(Figure 3-4A). Linear regression of this standard curve demonstrated that there 

was a linear relationship (R2 = 0.91) between purified NanoLuc concentration 

and luminescence up to the concentration of 0.0833 pmol/well NanoLuc. The 

lack of a linear relationship after 1.66 nM was most likely due to depletion of 

the Furimizine substrate being increased at the higher concentrations of enzyme.  

The standard curve was then used to approximate the concentration of NanoLuc 

expressed in subsequent NanoBRET experiments (Figure 3-4B). This analysis 

demonstrated that with equivalent cDNA concentrations used in transfections, 

NL-IL12Rβ1 had a higher expression than NL-IL23R (0.0518 ± 0.0067 and 

0.0125 ± 0.0027 pmol/well respectively). When each of these plasmids were 

expressed with their corresponding co-receptor the concentration of NL-

IL12Rβ1 was increased (1.20-fold) and NL-IL23R was decreased (2.90-fold) to 

0.0620 ± 0.0080 and 0.00430 ± 0.00124 pmol/well respectively. The increase of 

NL-IL12Rβ1 expression with IL23R was found to be non-significant but the 

decrease in NL-IL23R expression with IL12Rβ1 co-expression was significant 

(unpaired t test; p value = >0.05 and <0.05 respectively; discussed in section 

3.5).    
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Figure 3-4: Approximation of the concentration of NanoLuc expressed in NanoBRET 

assays. (A) The luminescence of a standard curve of purified NanoLuc measured with the same 

furimizine concentration, incubation time and reader settings as were used in NanoBRET 

experiments. Data are mean ± SEM from three independent quintuplicate experiments. (B) The 

mean luminescence values for each transfection condition used in subsequent NanoBRET ligand 

binding experiments (in each condition a total 2 µg of cDNA was used per well of a 6 well plate, 

with 1 µg of each receptor subunit cDNA used and the total cDNA content normalised by the 

addition of pc3.1 zeocin vector) with the approximate concentration of NanoLuc shown on the 

right y axis for comparison. Data are mean ± SEM from five or three (NL-IL12Rβ1+IL-23R) 

independent experiments.  

3.4.2 Characterisation of HT and SNAP tagged IL-23 receptor 

components 

Following the synthesis of the SNAP-IL12Rβ1 plasmid and the receipt of 

custom synthesised HT-IL12Rβ1 expression plasmids, the cellular localisation 

of the constructs was assessed by imaging. Cells transiently expressing these 

constructs were labelled by incubation with membrane impermeant AlexaFluor 

(AF)488 fused to HaloTag (Figure 3-5) or SNAP-Tag (Figure 3-6) substrate 

before being fixed and imaged by confocal microscopy. The imaging revealed 

that both constructs reached the cell surface when expressed in isolation and 

with unlabelled IL23R. 
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Figure 3-5: Confocal fluorescence microscopy of cells labelled with HT-AF488. HEK293T 

cells were transiently transfected with the plasmids shown on the left, fixed with PFA and 

labelled with both Hoechst nuclear stain and HT-AF488. Imaging was carried out using a Zeiss 

880F confocal microscope. Scale bar indicates 20 μm. 
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Figure 3-6: Confocal fluorescence imaging of cells labelled with SNAP-AF488. HEK293T 

cells were transiently transfected with the plasmids shown on the left, fixed with PFA and 

labelled with both Hoescht nuclear stain (33342) and SNAP-AF488. Imaging was carried out 

using a Zeiss 880F confocal microscope. Scale bar indicates 20 μm. 

To calibrate AF488 fluorescent intensity values in order to estimate expression 

levels, the fluorescence intensity of a standard curve of purified SNAP-AF488 

substrate was measured using the same protocol that would be used in further 

experiments (Figure 3-7).   
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Figure 3-7: Estimation of SNAP construct expression from using a standard curve of 

SNAPAF488. (A) The fluorescence intensity of a standard curve of SNAPAF488 substrate 

measured under equivalent conditions to those used to measure the expression of SNAP-

IL12Rβ1 (Mean and SEM from four independent experiments). (B) The estimated pmol/well 

expression of SNAP-IL12Rβ1 when HEK293T cells were transfected with 50 ng/well of NL-

IL23R and varying concentrations of SNAP-IL12Rβ1 cDNA (Mean and SEM from five 

independent experiments).   
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3.4.3 Signal transduction of tagged receptor constructs 

To ascertain whether the N-terminal IL-23 receptor fusions had any effect on 

signal transduction in HEK293T cells, phosphorylation of the transcription 

factor STAT3 was monitored.  Co-expression of the wild-type IL-23 receptor 

heteromer (IL23R and IL12Rβ1), followed by stimulation with varying 

concentrations of IL-23, led to the determination of an EC50 of 269 ± 106 (n=4) 

pM for cytokine stimulation of phosphorylated STAT3 (pSTAT3).  This 

experiment was replicated utilising co-transient transfections of either NL-

IL23R and IL12Rβ1 or NL-IL23R and SNAP-Tag fused IL12Rβ1 (SNAP-

IL12Rβ1) or NL-IL23R and HaloTag fused IL12Rβ1, which led to the 

determination of potency values of 154 ± 46 (n=4), 150 ± 43 (n=4) pM and 199 

± 33 pM respectively, for IL-23 stimulation of pSTAT3 (Figure 3-8). These 

results demonstrated that use of these fusion constructs did not significantly 

(p>0.05; one-way ANOVA) alter the EC50 of signal transduction induced by IL-

23. 
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Figure 3-8: Signal transduction is unchanged by the addition of N-terminal tags to the IL-

23 receptor. STAT3 phosphorylation induced in HEK293T cells transfected with different 

tagged variants of the IL-23 receptor after a 30-minute incubation with increasing concentrations 

of IL-23. Data are expressed as a percentage of the response obtained with 15 nM IL-23. Values 

are mean ± SEM from four independent experiments and are normalised a percentage of the 

highest signal concentration in each experimental condition. Data were fit with equation 5.  

3.4.4 Fluorescent labelling and characterisation of IL-23 

Preparation of fluorescently labelled IL-23 was carried out via incubation of 

purified recombinant IL-23 with NHS-ester linked TAMRA as outlined in 

Section 3.3.3 (a summary of the reaction is shown in Figure 3-9). The NHS-ester 

labelling efficiency is related to the protonation of lysine residues in the protein, 

which in turn is related to the pH of the reaction buffer (Nanda and Lorsch, 

2014). During the initial optimisation of the labelling procedure IL-23 protein 

was dialysed overnight at 4 °C into an alkaline buffer at pH 9. Unfortunately, 

subsequent LC-MS analysis revealed this procedure resulted in the reduction of 
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the linking di-sulphide bond within IL-23. Due to this observation the final 

labelling protocol was carried out at a pH of 7.4. 

Figure 3-9: Reaction scheme for non-specific TAMRA labelling of IL-23.  A nucleophilic 

substitution is shown in which lysine residues in IL-23 react with NHS ester linked TAMRA to 

form IL23-TMR. The TAMRA reagent is a racemic mix of isomers labelled with NHS-ester 

either at ring position 5 or 6. 

Following removal of the un-reacted labelling reagent using a desalting column, 

the TAMRA conjugated IL-23 (hereon referred to as IL23-TMR) and the 

unlabelled IL-23 were assessed using liquid chromatography coupled mass 

spectrometry (LC-MS; Figure 3-10 and Figure 3-11).  This analysis revealed 

that both the labelled and unlabelled cytokine samples were heterodimeric and 

uncontaminated with IL12p40 or IL23p19 monomers (Figure 3-11). 

Furthermore, upon the application of Dithiothreitol (DTT), the protein could be 

split into its constituent monomers by reduction of the linking disulphide bond 

(Figure 3-10). Whilst the IL23p19 subunit closely matched it’s predicted 

molecular weight, the IL12p40 subunit gave several peaks differing by 162 Da, 

all with masses higher than that predicted from the protein’s amino acid 

sequence (Table 3-1). This most likely corresponded to varying levels of post 

translational modification (PTM) by N-linked glycosylation, a modification that 

has been previously reported for the IL12p40 subunit (Bohnacker et al., 2020). 

The unlabelled IL-23 heterodimeric complex also exhibited the previously 

described heterogeneous pattern, with the most abundant peak corresponding to 

a 56050 Da species (Figure 3-11).  
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Protein name Predicted MW 

(Da) 

Observed mass 

(Da) 

Suspected Post-

Translational 

Modifications 

(PTM)s 

IL23p19-HisTag 19499.8 19499  none 

IL12p40 34696.6 36555 (most 

abundant) 

Mannose N-linked 

glycosylation 

IL-23 complex 54181.2 56050 (most 

abundant) 

Mannose N-linked 

glycosylation 

Table 3-1: The masses of recombinant purified IL-23 subunits and heterodimeric complex 

used in the study as determined by LC-MS. Predicted molecular weights were generated from 

the amino acid sequences of the proteins, assuming the reduction of internal disulphide bridges 

for the cytokine subunits.  
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Figure 3-10: Reversed-Phase chromatography demonstrates heterodimeric IL-23 is 

reduced to its subunits by addition of DTT.  (A) Total Ion Count (TIC) chromatograms of IL-

23 (left) and IL23-TMR (right). (B) Total ion count chromatograms of IL-23 (left) and IL23-

TMR (right), in the presence of 50 mM DTT. 
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Figure 3-11: LC-MS analysis of IL23-TMR. (A) De-convolved LC-MS spectra of IL-23 (top) 

and IL23-TMR (bottom), demonstrating both the DTT reduced, p19 and p40 subunits (centre 

and right respectively) and the non-reduced dimeric cytokine (left). (B) De-convolved LC-MS 

spectra of IL-23 (left) and IL23-TMR (right) over a broad mass range. Artefact peaks created by 

resonance effects are denoted by a red asterisk. These peaks are a half, third or fourth the mass 

of the most abundant ion.  
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In the IL23-TMR sample the most abundant species remained the unlabelled IL-

23 at 56050 Da, however a single TAMRA labelled 56461 Da species and a 

double labelled 56876 Da species were also present. Trace amounts of three and 

four labelled species were also apparent from low abundance peaks at 57287 and 

57702 respectively (Figure 3-11A). Reduction of the IL23-TMR sample with 

DTT revealed that the IL23p19 subunit was labelled to a greater extent than the 

IL12p40 subunit (Figure 3-11A), with peak intensity analysis demonstrating that 

64.9% of TAMRA labels were located on IL23p19. The primary constituents of 

the heterodimeric IL23-TMR fraction were determined by the relative 

abundance of the most intense PTM variant to be 52.3% unlabelled, 29.5% 

single labelled and 18.2% double labelled.  

To gain a further quantitative measure of the constituents of the labelled IL-23 

mixture, fluorescence correlation spectroscopy (FCS) (Briddon et al, 2004) was 

used, essentially as described by Kilpatrick and colleagues (Kilpatrick et al., 

2017).  To measure the concentration of TAMRA labelled particles in solution, 

FCS fluctuations were collected from freely diffusing IL23-TMR in a confocal 

measurement volume (Figure 3-12A). Subsequent autocorrelation analysis 

(Figure 3-12B), allowed calculation of the concentration of fluorescent particles 

(Briddon et al., 2004; Kilpatrick et al., 2017). Measured IL23-TMR 

concentrations were substantially lower than predicted, but the addition of 1 

mg/mL BSA, which prevents non-specific interactions of the protein with the 

plate, (Kilpatrick et al., 2017) increased the observed concentration (Figure 

3-12D). Consequently, 1 mg/mL BSA was included in all subsequent IL-23 and 

IL23-TMR experiments. FCS measurements of IL23-TMR in the presence of 

BSA displayed a single diffusing species with a diffusion coefficient of 37.9 ± 

1.8 μm2/s whilst that for TAMRA alone was 280 μm2/s. By comparing the 

measured concentration of this IL23-TMR fluorescent species to the total 

concentration of IL-23 measured in the sample via absorbance at 280 nm it was 

demonstrated that 51.5% of the IL-23 in the sample was fluorescently labelled 

with TAMRA. 
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Figure 3-12: Characterisation of labelled IL23-TMR using fluorescence correlation 

spectroscopy (FCS) and photon counting histogram (PCH) analysis. (A) Example of the 

fluorescence fluctuations obtained over time for 100 nM IL23-TMR in the presence of 1 mg/mL 

BSA. (B) Autocorrelation curves for four concurrently collected replicate FCS readings of 100 

nM IL23-TMR in the presence of 1 mg/mL BSA with a red line denoting the one component 

free 3D fit of the data. (C) A Photon counting histogram of the data presented in (B) fit with a 

two-component model (red line). (D) Analysis of IL23-TMR showing the concentration of 

TAMRA labelled molecules measured by FCS in (B) vs the total concentration of IL-23 (initially 

quantified by absorbance at 280 nm), in the presence (red) or absence (blue) of 1 mg/mL BSA. 

Diagonal dotted line represents x=y. Each data point represents mean value ± SEM of 20 

measurements from five independent experiments.  (E) The proportion of labelled IL-23 species. 

Total concentration of IL-23 was quantified by UV absorbance at 280 nm, total concentration of 

TMR-labelled IL-23 was determined using the autocorrelation analysis demonstrated in (B).  
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The proportion of different populations of labelled species was quantified using the two 

component PCH analysis demonstrated in (C). Data shown are mean ± SEM of values obtained 

in five independent experiments. 

The ratio of mono to multi-labelled IL23-TMR particles was determined by 

calculating the average molecular brightness of individual fluorescent particles 

using a two component photon counting histogram analysis from the same 

intensity fluctuations (Chen et al., 1999; Figure 3-10C) . It was found that the 

IL23-TMR fraction was 77% composed of a 163983 ± 2537 cpm.s-1 brightness 

fraction and 23% composed of a 589772 ± 5557 cpm s-1 brightness fraction. The 

brightness of unconjugated TAMRA under these conditions was determined to 

be 301461 ± 10764 cpm s-1. As the LC-MS spectra showed that the majority of 

labelled IL-23 is bound to just one TAMRA molecule, this demonstrated that 

the reaction of the fluorophore with IL-23 caused significant quenching of its 

brightness with a mean value almost 2-fold lower than that of unbound TAMRA. 

The second brightness component likely represents a mixture of IL-23 species, 

bound to two or more TAMRA molecules with a mean brightness formed both 

from variable label number and differing degrees of fluorescence quenching. As 

a result, these components are here-on referred to as mono and multi-labelled 

IL-23. The overall proportions of these components when compared to the 

previously established total labelled IL-23 concentration were determined to be 

39.6% mono-labelled and 11.9% multi-labelled IL-23 with a remaining 48.5% 

of the mixture being made up of unlabelled IL-23 (Figure 3-12E; discussed in 

section 3.5).  

3.4.5 Measuring the affinity of IL23-TMR to NanoLuc fused IL-23 receptor 

constituents 

A NanoBRET IL23-TMR binding assay using HEK293T cells transiently 

expressing NanoLuc fusions of IL23R or IL12Rβ1 in the presence and absence 

of the corresponding untagged co-receptor was then created. Increasing 

concentrations of IL23-TMR resulted in an increase in the BRET signal that was 

comprised of saturable specific and linear non-specific binding components 

(Figure 3-13).  Non-specific binding was determined in the presence of an excess 

of unlabelled IL-23. When the constructs were expressed in isolation, IL23-

TMR had a greater affinity for NL-IL12Rβ1 (Kd = 30.1 ± 5.5 nM; n=5) than NL-
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IL23R (Kd = 222 ± 71 nM; n=5) (Figure 3-13A and B).  However, when NL-

IL23R was co-expressed with unlabelled IL12Rβ1 the affinity of IL23-TMR to 

the heteromeric receptor complex was strengthened by 3250-fold to 27.0 ± 3.6 

pM (n=5) which was significantly different to the affinity of IL23-TMR to cells 

expressing NanoLuc fused monomers (unpaired t test; Figure 3-13C). 

 

Figure 3-13: Binding of IL23-TMR to NL-IL12Rβ1, NL-IL23R and NL-IL23R co-

expressed with untagged IL12Rβ1. (A-C) The binding of increasing concentrations of IL23-

TMR to HEK293T cells expressing either (A) NL-IL23R, (B) NL-IL12Rβ1 or (C) NL-IL23R 

and IL12Rβ1 in the presence (red) or absence (blue) of an excess of unlabelled IL-23. The 

concentration of unlabelled IL-23 used was 1 µM (A-B) and 50 nM (C). Data points are mean 

raw BRET ratio values ± SEM from five independent experiments. (D) The combined specific 

binding data from (A-C) after subtraction of non-specific binding expressed on a logarithmic 

scale for clarity. Data in (A-C) were fit with equation 1 and data in (D) were fit with equation 2. 
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The dissociation constant obtained for IL23-TMR binding to NL-IL12Rβ1 in 

the presence of unlabelled IL23R was higher (46.7 ± 16.1 nM; n=3; Figure 3-14) 

than that of the interaction of IL23-TMR with NL-IL23R co-expressed with 

IL12Rβ1 (Figure 3-13; 1730-fold) and similar to the value obtained for the 

interaction with NL-IL12Rβ1 alone (1.55-fold). However, comparison of the 

luminescence intensities of cells expressing either NL-IL12Rβ1 or NL-IL23R in 

isolation indicated that NL-IL12Rβ1 achieved a much higher expression level 

in transient transfections than that obtained with NL-IL23R (0.0518 ± 0.0066 vs 

0.0125 ± 0.0027 pmol/well respectively; Figure 3-4).  The higher dissociation 

constant obtained for NL-IL12Rβ1 in the presence of unlabelled IL23R is 

therefore likely to be a consequence of the NL-IL12Rβ1:IL23R complex only 

representing a small proportion of the total binding of IL23-TMR to NL-

IL12Rβ1. To investigate this further, transfections with a lower (1:10) 

transfection ratio of NL-IL12Rβ1 and IL23R were used.  The affinity of IL23-

TMR under these conditions was 19-fold greater (Kd = 647 ± 79.5 pM; n=5; 

Figure 3-14B) and consistent with a higher proportion of NL-IL12Rβ1:IL23R 

complexes present under these experimental conditions.  
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Figure 3-14: Impact of expression level on the observation of ligand-binding characteristics 

of NL-IL12Rβ1. (A) The luminescence signal measured from HEK293T cells following 

transient transfection. Corresponding NanoLuc (pmol/well) levels are calculated from a purified 

NanoLuc standard curve (Figure 3-4). Values are expressed as mean ± SEM from five or three 

(1:1 NL-IL12Rβ1+IL23R) independent experiments. (B) The binding of IL23-TMR to 

combinations of NL-IL12Rβ1 and IL23R at different transfection ratios in HEK293T cells. 

Values show mean ± SEM cells of the BRET ratios obtained after subtraction of non-specific 

binding. The concentration of IL-23 used to define non-specific binding was 1 µM (blue and 

green) and 100 nM (red). Data were obtained from 3 (green) or 5 (red and blue) separate 

experiments. The data for 1:1 NL-IL12Rβ1+IL23R (green circles) were fitted to a two-site 

binding curve which yielded Kd values of 28 pM and 72 nM with the high affinity site accounting 

for 16.2% of the maximum specific binding.  For these data, the two-site binding curve (Equation 

3) was a significantly better fit than to a single site saturation curve (Equation 2) (p<0.0001; 

Partial F test).  

3.4.6 Competition experiments with unlabelled IL-23 

To measure the affinity of unlabelled IL-23 for the IL-23 receptor complex, 

NanoBRET competition experiments were undertaken using HEK293T cells 

transiently transfected with NL-IL23R and IL12Rβ1. This assay was carried out 

using several concentrations of IL23-TMR and increasing concentration of 

unlabelled IL-23, the IC50 determined for unlabelled IL-23 was shifted to higher 

concentrations (with increasing concentrations of IL23-TMR) consistent with a 

competitive interaction (Figure 3-15; Cheng and Prusoff, 1973).  However, at 
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the highest concentration of IL-23 used (3 nM) the decrease in potency reached 

a limiting value indicative of a more complex interaction (Figure 3-15).  

Analysis of the data obtained with lower concentrations of IL23-TMR yielded a 

mean Ki for IL-23 of 31.6 ± 7.7 pM (n=13), which was not significantly different 

from the pre-determined value for the Kd of IL23-TMR (unpaired t test). In 

addition, a Ki for IL-23 of 27.2 pM and a Kd for IL23-TMR of 35.1 pM were 

obtained from a linear plot of the relationship between IL23-TMR concentration 

and the corresponding IC50 values of unlabelled IL-23 (Figure 3-15B). 

Figure 3-15: Determining the affinity of unlabelled IL-23 for the IL-23 receptor.  (A) 

HEK293T cells expressing NL-IL23R and IL12Rβ1 were incubated with varying concentrations 

of IL23-TMR as shown in the bar chart (left) and increasing concentrations of unlabelled IL-23 

(right). Data represent mean ± SEM of the raw BRET ratios obtained from five independent 

experiments. Data are fit with equation 4. (B) The IL-23 IC50 values derived in (A) plotted 

against the buffer concentration of IL23-TMR, with all points except that for 3 nM IL23-TMR 

fitted by linear regression. 

3.4.7 Kinetics of IL23-TMR binding. 

To observe the association of IL23-TMR to the IL-23 receptor, IL23-TMR was 

added to cells expressing NL-IL23R and IL12Rβ1 and the increase in BRET 

ratio measured in real time (Figure 3-16A). It was observed that 300 pM of IL23-

TMR took approximately 20 minutes to reach equilibrium, at which point the 

BRET ratio remained stable (Figure 3-16A). To measure the dissociation rate of 

IL23-TMR, the probe was allowed to equilibrate with the receptor for 40 

minutes followed by replacement of the media with a solution containing 30 nM 

IL-23, resulting in a decrease in the BRET ratio (Figure 3-16C). The dissociation 

rate (koff) was measured to be 0.0503 ± 0.0036 min-1 (mean ± SEM; n=4) when 



120 

 

fit using a one phase dissociation model. When the association and dissociation 

were fitted together (Figure 3-16B) the association (kon) and dissociation (koff) 

rates were found to be 3.96 ± 0.35 x 109 M-1 min-1 and 0.0228 ± 0.0028 min-1 

respectively (mean ± SEM; n=4). The combined association and dissociation 

model used to calculate these values (Figure 3-16A) fitted the association phase 

of the curve well but the dissociation phase of the curve poorly. Despite the poor 

fit of the dissociation rate the kinetic rates generated by the combined model 

gave a value for Kd that was similar to that previously measured at equilibrium 

for IL23-TMR (Table 3-2). Due to the poor fit the kon was also measured by 

using the kobs of the association curve shown in Figure 3-16B with the pre-

determined Kd value measured for IL23-TMR using equation 10. This analysis 

yielded a similar value for kon (1.06-fold slower).  

When both a single-phase and two-phase dissociation model were used to fit 

IL23-TMR’s dissociation (Figure 3-16C-D) the two-phase decay model was 

shown to be the preferred model using a partial F test (p = <0.0001). A value for 

IL23-TMR kon was also generated from the previously measured equilibrium Kd 

and the koff generated from the single-phase decay fit (Figure 3-16C and Table 

3-2). 
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Figure 3-16: Kinetic characterisation of IL23-TMR. (A) The specific association of 300 pM 

IL23-TMR to HEK293T cells expressing NL-IL23R and IL12Rβ1, followed by dissociation of 

IL23-TMR by replacement of media with 30 nM IL-23. An arrow indicates the time-point at 

which media was replaced. The data were fit with Equation 6. (B) The specific association of 

300 pM of IL23-TMR plotted fit with Equation 10. (B) (C) The dissociation shown in (B) fit 

with a one-phase decay model (Equation 7). (D) The data from (C) fit with a two-phase decay 

model (Equation 8). Data are mean ± SEM from four independent quadruplicate experiments.  
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Model kon (M-1 min-1) koff (min-1) Residence time 

(min) 

Kd (pM) 

Association 

then 

dissociation 

(Equation 6) 

3.96 ± 0.35 x 

108 

0.0228 ± 0.0028   46.5 ± 5.4 58.1 ± 

6.1 

Single phase 

decay 

(Equation 7)   

1.86 ± 0.13 x 

109 

(Calculated 

from koff and 

equilibrium 

affinity) 

0.0503 ± 0.0036  20.3 ± 1.6 N/A 

Two phase 

decay 

(Equation 8)  

N/A Kfast = 0.358 ± 

0.0512 

% fast = 44.0 ± 1.1 

Kslow = 0.0122 ± 

0.006 

% slow = 56.9 ± 0.1 

Fast = 3.07 ± 

0.50 

Slow = 44.0 ± 

11.5 

 

N/A 

One phase 

association 

(Equation 

10) 

3.73 ± 0.46 x 

108 

0.0101 ± 0.0012 

(Calculated from kon 

and equilibrium 

affinity) 

106 ± 15  

Equilibrium 

binding 

(Equation 1) 

N/A N/A N/A 27.0 ± 

3.6 

Table 3-2: IL23-TMR kinetic parameters measured in Figure 3-16 (Equilibrium values are 

from Figure 3-13). Values are Mean ± SEM. 

3.4.8 Validation of SNAP and HT-IL12Rβ1 IL23-TMR binding 

Before SNAP and HT labelled IL12Rβ1 constructs could be used to measure 

intra-receptor BRET, ligand binding assays were carried out to confirm that the 

labelling of IL12Rβ1 did not prevent IL-23 engagement with the receptor. When 

increasing concentrations of IL23-TMR was applied to HEK293T cells 

transiently expressing NL-IL23R and SNAP or HT labelled IL12Rβ1 it was 

observed that specific binding occurred in both cases (Figure 3-17). The affinity 
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of IL23-TMR was 454 ± 43 pM for NL-IL23R expressed with SNAP-IL12Rβ1 

and 179 ± 8 pM for NL-IL23R with HT-IL12Rβ1, which was a 16.8 and 6.6-

fold decrease in affinity respectively from the affinity of IL23-TMR binding to 

NL-IL23R and IL12Rβ1.   

 

Figure 3-17: Fusion of SNAP-Tag or HaloTag to IL12Rβ1 does not block ligand binding. 

(A-B) The binding of IL23-TMR to cells expressing NL-IL23R and either HaloTag (A) or 

SNAPTag (B) fused IL12Rβ1, in the presence or absence of 50 nM unlabelled IL-23. Data are 

mean with SEM from five (A) or three (B) independent experiments and are fit with Equation 

1. (C) The specific binding data shown in (A) and (B) with non-specific subtracted, fit with 

Equation 2.    

3.4.9 Measuring the ligand independent association of IL23R and IL12Rβ1 

To ascertain the level of constitutive association between IL12Rβ1 and IL23R, 

HEK293T cells were transfected with varying concentrations of N-terminal 

fused SNAP-IL12Rβ1 plasmid with a constant concentration of NL-IL23R 

plasmid. The BRET signal between NanoLuc and AF488 bound to the SNAP-

Tag was then measured in the presence and absence of 5 nM IL-23. BRET was 

observed between the subunits both with and without IL-23 with the signal 

amplitude in the absence of IL-23 being 54.5 ± 3.9% that of the signal with IL-

23 (Figure 3-18A). The level of SNAP-IL12Rβ1 expression increased in a linear 
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fashion with plasmid concentration (Figure 3-18B), as quantified by 

fluorescence intensity measurements before NanoLuc substrate addition, 

however the BRET signal was saturable with increasing SNAP-IL12Rβ1 

plasmid concentration (Figure 3-18C). This demonstrated that the increase in 

BRET signal was due to specific interactions of the constructs rather than non-

specific BRET in the membrane. The BRET ratio obtained for the interaction 

between NL-IL23R and SNAP-IL12Rβ1 was significantly increased by 5 nM 

IL-23 (p<0.0001; t test). The ng/well of SNAP-IL12Rβ1 transfected per well 

could be further transformed into pmol/well of SNAP-IL12Rβ1 construct using 

the SNAP-Tag AF488 curve outlined in Figure 3-7A. Whilst the data shown in 

Figure 3-18D and E was fitted with a specific binding model accurate prediction 

of the pmol/well of SNAP-IL12Rβ1 required to saturate NL-IL23R was 

complicated due to the inability to measure the effect of bi-standard on the cell 

surface and hence correct for a linear increase in signal with increasing 

expression. The lack of full saturation, especially in the absence of IL-23 meant 

that the fitting model could not accurately predict the Bmax of the curve, giving 

BRET50 predictions of 0.0167 ± 0.0094 and 0.0840 ± 0.0409 pmol/well SNAP-

IL12Rβ1 in the presence and absence of 5 nM IL-23 respectively. There can be 

no confidence in the latter value as it is outside of the concentration range tested. 

An F test used to compare with Kd values predicted by the fitting models 

suggested that they were significantly different (p value = 0.0037).  
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Figure 3-18: Association of IL12Rβ1 and IL23R in the absence of IL-23. (A) The BRET 

values generated from cells transfected with 50ng of both NL-IL23R and SNAP-IL12Rβ1 and 

labelled with SNAPTag AF488 substrate, ** denotes a p value of less than 0.005 (unpaired T 

test). (B) The fluorescence intensity of cells transfected with 50ng of NL-IL23R and increasing 

concentrations of SNAP-IL12Rβ1 cDNA and labelled with SNAP-AF488 substrate, normalised 

to the signal from cells expressing NL-IL23R in isolation. (C) The normalised BRET ratio 

generated from the cells used in (B) after furimizine was added (fit with Equation 2). (D) and 

(E) the data shown in (B) and (C) respectively with the X axis transformed to pmol/well SNAP-

IL12Rβ1 as calculated from the normalised fluorescent intensity values using a SNAP-AF488 

substrate standard curve (Figure 3-7). Data are mean ± SEM from five independent experiments.  
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3.4.10 Ligand induced changes in intra-receptor BRET 

To determine how the receptor-subunit N-terminal proximity or orientation 

changed during the formation of the ligand bound IL-23 receptor complex, a 

BRET assay was carried out in which HEK293T cells were co-transfected with 

equal concentrations of NL-IL23R and N-terminal SNAP-Tag or HaloTag fused 

IL12Rβ1 plasmids. The receptor was fluorescently labelled by addition of 

SNAP-Tag AF488 substrate to the SNAP-Tag or HaloTag 618 (HT618) ligand 

to the HaloTag. Incubation with increasing concentrations of IL-23 led to 

changes in the BRET ratio with EC50 values of 42.9 ± 10.3 (n=5) and 43.6 ± 15.8 

(n=5) pM for the SNAP-Tag and HaloTag assays respectively (No statistical 

difference; unpaired t test; Figure 3-19A). However, whilst the SNAP-IL12Rβ1 

assay gave an increase in BRET signal following addition of IL-23, in the 

HaloTag-IL12Rβ1 assay BRET signal decreased with increasing concentrations 

of IL-23. A comparable BRET assay was also established using HEK293T cells 

transfected with both NL-IL12Rβ1 and HaloTag-IL23R. This assay 

demonstrated an increase in BRET with addition of IL-23 but gave a higher EC50 

value of 457 ± 209 pM (Figure 3-19C-D). Taken together, these data are 

consistent with a change in conformation of the IL23R:IL12Rβ1 complex rather 

than an increase in the formation of these complexes following agonist addition. 

In all tagging conformations there was a statistically significant change in BRET 

ratio after incubation with IL-23 (Figure 3-19E-G; results discussed in section 

3.5). 
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Figure 3-19: Changes in the position of the N-terminal regions of IL12Rβ1 and IL23R 

following binding of IL-23. (A) The intra-receptor BRET between HT618-IL12Rβ1 (green) or 

SNAP488-IL12Rβ1 (blue) co-expressed with NL-IL23R on HEK293T cells after incubation 

with increasing concentrations of IL-23. Data show mean ± SEM of background-corrected 

BRET signals from five independent experiments. (B) The data from (A) normalised to % of the 

maximum inhibition or induction of BRET. (C) The effect of IL-23 on the intra-receptor BRET 

between HT618-IL23R co-expressed with NL-IL12Rβ1. Data show mean ± SEM of 

background-corrected BRET signals from four independent experiments. (D) The data from (C) 

normalised to % of the maximum inhibition or induction of BRET with the equivalent data for 

HT-IL12Rβ1 and NL-IL23R plotted for comparison. All data were fit to Equation 2. (E-F) The 

statistical significance (paired t test) of the changes in BRET measured when 5 nM IL-23 is 

applied to the cells used in A-C. *** denotes a p value of 0.005, ** denotes a p value of 0.05 

and * denotes a p value of <0.5.  
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3.5 Discussion 

The IL-23 cytokine and its receptor are important therapeutic targets (Verreck 

et al., 2004; Werner et al., 2011).  However, many aspects relating to the 

mechanisms by which the IL-23:IL23R:IL12Rβ1 protein complex is formed 

remain to be fully elucidated. In this chapter, NanoBRET was utilised to 

measure the affinity of fluorescently labelled IL-23 to NanoLuc fusions of the 

full-length individual IL23R and IL12Rβ1 receptor subunits and the full-length 

IL-23 receptor heteromeric complex in living cells.  

Before NanoBRET assays were carried out, reagents needed to be designed, 

created, and characterised. Mammalian plasmid expression constructs 

containing NanoLuc tagged IL23R and IL12Rβ1 were generated by custom 

synthesis and their cellular surface expression was confirmed by luminescence 

and immunocytochemical imaging. A standard curve of NanoLuc allowed the 

estimation of receptor expression level in units of pmol/well of the 96-well assay 

microplate. Interestingly it was observed that NL-IL12Rβ1 was expressed at a 

higher level than NL-IL23R after transfection of HEK293T cells with an 

equivalent mass of expression plasmid. This observation corresponds to immune 

cell RNA-seq datasets available from www.proteinatlas.org which demonstrate 

that in all tested cell types there is a higher number of IL12Rβ1 transcripts than 

that of IL23R (Karlsson et al., 2021; Monaco et al., 2019; Schmiedel et al., 

2018). In addition, it was observed that co-expression of IL12Rβ1 decreased 

NL-IL23R expression, an effect that could be explained by an increased burden 

on the cellular protein synthesis and secretary machinery. However, co-

expression of IL23R with NL-IL12Rβ1 increased the expression of NL-

IL12Rβ1 possibly indicating that IL23R expression has a chaperone like effect 

on IL12Rβ1 expression, by aiding protein folding and/or surface expression. An 

example for how this effect could be mediated is the interaction between EBI3 

(an IL-12 family cytokine component) and IL23R, in which EBI3 reduces IL23R 

misfolding via interaction with the Endoplasmic Reticulum (ER) resident 

chaperone calnexin, thereby increasing expression (Mizoguchi et al., 2020). 

Regulation of surface expression by interacting membrane proteins has 

previously been described for several receptor types, for example the interaction 

http://www.proteinatlas.org/
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between the sulfonylurea receptor and the potassium channel subunit Kir6 (Chan 

et al., 2003).  

The transiently transfected HEK293T methodology is an overexpression system 

in which the IL-23 receptor components are strongly expressed by a viral 

Cytomegalovirus (CMV) promoter rather than the endogenous promoter in a cell 

line that does not normally express the proteins (evidenced by the lack of RNA 

transcripts measured in experiments by the Human Protein Atlas; Uhlen et al., 

2019). This is useful as it allows the measurement of interactions with receptor 

subunits expressed in isolation and prevents artefacts from endogenous protein, 

however, it is important to be mindful of the limitations of this approach as a 

model of disease relevant cell types. It is difficult to compare the expression of 

IL-23 receptor components in the NanoBRET system to that of endogenous cell 

lines due to a lack of published data for IL23R and IL12Rβ1 expression. The 

level of IL-12 binding sites on activated human lymphocytes has been measured 

to be 1-9 x 103 per cell (Chizzonite et al., 1992), although there may be more 

IL12Rβ1 expressed on these cells than the number of receptor complexes. In the 

intra-receptor NanoBRET experiment there were 4.5 x 104 NL-IL23R receptors 

per seeded cell and 1.2 x 105 or 1.2 x 106 SNAP-IL12Rβ1 receptors per seeded 

cell when cells were transfected with 5 or 50 ng/well of plasmid respectively. 

As the cells had 24 hours to multiply after seeding and transfection efficiency 

will not be 100%, it is difficult to estimate the exact number of receptors per cell 

at the time of the experiment. 

Fluorescent IL-23 was generated via a non-specific labelling protocol that 

coupled TAMRA moieties to amine groups within the protein (lysine residues 

and the N-termini). There are 3 lysines in IL23p19 and 26 lysines in IL12p40. 

The efficiency of coupling is related to the protonation of these lysine residues 

which can be affected by the microenvironment of the residue within the protein, 

resulting in different levels of modification at different residues within the 

protein (Nanda and Lorsch, 2014). Interestingly LC-MS data demonstrated that 

the majority of TAMRA residues (64.9%) were located on IL23p19 despite the 

lower level of lysine residues within this protein. This result indicated that one 

or more residues within IL23p19 may be preferentially labelled. It has been 

demonstrated that the IL23p19 lysine residue K164 is a key mediator of 



130 

 

interactions with IL23R (Bloch et al., 2018), the observation that IL23-TMR has 

comparable affinity to IL-23 for the IL-23 receptor, indicated that K164 was not 

modified, and so the preferentially labelled residue is likely to be the N-terminus 

K39 and/or K102 (possible labelling sites are shown in Figure 3-20). 

 

Figure 3-20: The potential NHS-TAMRA labelling sites in IL-23. A crystal structure of IL-

23 (PDB: 5MZV) is shown with IL23p19 in blue and IL12p40 in green. Potential labelling 

sites (lysine residues and the N-termini) are shown in purple. As LC-MS data demonstrated 

that IL23p19 was the predominant labelling site, this subunit is focussed on, 
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A previous study that characterised the interaction of IL-23 with the purified 

extracellular domains of the IL23R and IL12Rβ1 receptor subunits using 

isothermal calorimetry, indicated that IL-23 has a much higher affinity for the 

extracellular domain of IL23R (44 nM) than the extracellular domain of 

IL12Rβ1 (2 µM) (Bloch et al., 2018). These observations led Bloch and 

colleagues to suggest that the binding of IL-23 involved a sequential mechanism 

whereby IL-23 binds first to the IL23R subunit and then induces a dimerization 

step between the IL23R:IL-23 complex and IL12Rβ1 leading to the formation 

of the active cytokine:receptor complex (Bloch et al., 2018).  

In this chapter, the dissociation constant of IL23-TMR binding to full-length cell 

surface expressed NL-IL23R was determined to be 222.2 ± 71.1 nM. However, 

the dissociation constant of IL23-TMR binding to the full-length NL-IL12Rβ1 

in intact cells was 30.1 ± 5.5 nM. This is nearly an order of magnitude lower 

than the value obtained for IL23R and suggests that the sequence of events 

suggested using purified protein may need to be re-evaluated when considering 

results from cell expressed proteins. The higher affinity of IL23-TMR for 

IL12Rβ1 in live cells is consistent with previous reports that cells expressing 

IL12Rβ1 have a 2-5 nM affinity for the IL-12 cytokine (Chua et al., 1994). This 

observation is pertinent to the results presented in this chapter, given that IL-12 

and IL-23 heteromers share the IL12p40 cytokine subunit and have both been 

shown to engage their receptors in a similar manner (Glassman et al., 2021).  

When NL-IL23R was co-expressed in cells alongside unlabelled IL12Rβ1, the 

affinity for IL23-TMR was increased by nearly four orders of magnitude to 27.0 

± 3.6 pM (see Figure 3-13). This suggests that a high affinity binding site for 

IL23-TMR is formed by oligomeric complexes containing both IL23R and 

IL12Rβ1 on the cell surface. To further characterise this binding site, the affinity 

of unlabelled IL-23 in cells expressing both NL-IL23R and IL12Rβ1 was 

measured using a competition binding assay. The results of these competition 

experiments (see Figure 3-15) confirmed that the IL23R:IL12Rβ1 complex had 

a high affinity for the untagged IL-23 cytokine, Kd = 31.6 pM, which was similar 

to that measured for IL23-TMR, indicating that the labelling of IL-23 had not 

influenced its affinity for the receptor. The affinity of IL23-TMR for cells 

expressing NL-IL12Rβ1 and IL23R (measured using a 1:10 expression ratio) 
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was 24-fold weaker than that measured for cells expressing NL-IL23R and 

IL12Rβ1. This may be due to an excess of monomeric NL-IL12Rβ1 contributing 

to a weaker affinity, which is supported by the measurement of both 28 pM and 

72 nM affinity components when the interaction of IL23-TMR with cells 

expressing a 1:1 ratio of NL-IL12Rβ1 and IL23R was fit using a two binding 

site model (see Figure 3-14). However, this weakened affinity could also be the 

result of an interference of the NanoLuc tag with IL23-TMR binding when 

positioned on the N-terminus of IL12Rβ1.  

The binding kinetics of IL23-TMR were also measured utilising a real-time 

NanoBRET experimental set up (see Figure 3-16). Previously, the binding 

kinetics of IL-23 to the purified and immobilised extracellular regions of the IL-

23 receptor proteins together and in isolation was measured using Surface 

Plasmon Resonance (SPR) and reported in a patent filing (Bourne, et al., 2017). 

Interestingly this experiment contradicted the previous ITC data generated using 

purified protein and demonstrated a higher affinity of IL-23 for IL12Rβ1 over 

IL23R. When the association and dissociation of IL-23 was measured for the 

extracellular portions of both IL23R and IL12Rβ1 immobilised to the same chip, 

the kon was reported to be 3.79 x 107 M-1 min-1 which is 29.8-fold slower than 

the rate measured for IL23-TMR associating to live cells expressing the full-

length receptor in this chapter. The corresponding SPR koff value was 0.0069 

min-1 which was 5.30-fold slower than the NanoBRET live cell measurement. 

These values are remarkably similar considering the differences between the 

techniques used, indeed, the SPR rates predict an affinity for IL-23 only 6.62-

fold weaker than the affinity of IL23-TMR for receptor expressed on live cells. 

Interestingly, the dissociation of IL23-TMR from the receptor appeared to be 

biphasic this may be the result of the dissociation being made up of both fast and 

slow components or could potentially be explained by a co-operative mechanism 

in which the unlabelled IL-23 increases the rate of IL23-TMR dissociation.  

To determine whether IL23R and IL12Rβ1 proteins can form constitutive 

heterodimers in the absence of ligand in HEK293T cells, and to what extent this 

is influenced by agonist treatment, BRET was measured between NL-tagged 

IL23R and a fluorescently labelled SNAP-Tag fusion of IL12Rβ1 (see Figure 3-

18). These experiments demonstrated that IL12Rβ1 and IL23R form dimers in 
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the absence of IL-23, as demonstrated by the saturable increase in BRET ratio 

obtained with increasing amounts of transfected SNAP-IL12Rβ1. Furthermore, 

following the addition of IL-23 (5 nM) there was an increase in the BRET ratio 

obtained for the interaction between NL-IL23R and SNAP-IL12Rβ1. Addition 

of IL-23 produced a concentration-dependent increase in BRET ratio in 

HEK293T cells transfected with a 1:1 ratio of NL-IL23R and SNAP-IL12Rβ1. 

This interaction had an EC50 value of 42.9 pM that was consistent with the high 

affinity binding site measured in the IL-23 competition assays (Kd = 31.6 pM) 

when both NL-IL23R and IL12Rβ1 were expressed together in the same cells. 

However, whilst in the SNAP-IL12Rβ1 assay the BRET signal increased with 

IL-23 binding, in the HaloTag-IL12Rβ1 assay the BRET signal decreased 

following ligand binding (see Figure 3-19). The IC50 value for this inhibitory 

effect of IL-23 was very similar (43.6 pM) to the EC50 value obtained for the 

increase in BRET signal in the SNAP-IL12Rβ1 assay. Furthermore, when the 

HaloTag was fused to IL23R and the NanoLuc tag added to IL12Rβ1, this IL-

23 induced decrease in BRET was changed to a large increase in the BRET 

signal. Cells transfected with this tagging conformation demonstrated a 14.5-

fold decrease in the potency of IL-23 induced conformational change as 

compared to the competitive affinity of IL-23, most likely due to interference of 

the N-terminal tags with ligand binding or the subsequent conformational 

change.  

The resonance energy transfer that occurs between two labelled proteins 

depends on both proximity (<10nm) and the orientation of the acceptor and 

donor species (Dacres et al., 2012). In the case of receptors that are labelled with 

both a donor and acceptor species this can lead to agonist-induced increases or 

decreases in BRET as a consequence of conformational changes induced by 

agonist binding (for example; Kowalski-Jahn et al., 2021). Taken together, the 

observations made in this chapter indicate that the binding of IL-23 to a high 

affinity binding site formed by an oligomeric complex of IL23R and IL12Rβ1 

triggers a change in the relative position of the N-terminal domains of the IL-23 

receptor components. This is the simplest explanation for the positive and 

negative BRET signals obtained following IL-23 addition in the intra-receptor 

BRET assays and is consistent with a conformational change such as a rotation, 
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in which there is only a minor change in the distance between the components. 

The SNAP-Tag is a 19.4 kDa protein and the HaloTag is a 33 kDa protein (Crivat 

and Taraska, 2012) and have different linkers (Table 3-3), it is therefore likely 

that their orientation with respect to the 19 kDa NanoLuc on tagged proteins can 

change in different ways as a result of conformational changes induced by IL-

23. 

Construct Tag size 

(kDa) 

Linker length 

(# of amino 

acids) 

Linker sequence 

SNAP-IL12Rβ1 19.4 20 STSPVWWNSADIQHSGGRSR 

HT-IL12Rβ1 33 13 EPTTEDLYFQSDN 

HT-IL23R 33 13 EPTTEDLYFQSDN 

Table 3-3: Properties of N-terminal tags and their linkers used in intra-receptor BRET 

assays.   

Despite the potential for subtle effects of the NanoLuc fusions and fluorescent 

labelling on IL-23 binding affinity, the NanoBRET technique has enabled the 

detection of binding events that are at a far higher order of affinity than any of 

those previously measured using untagged but truncated purified protein (Bloch 

et al., 2018). Furthermore, it has been demonstrated that SNAP fusions of 

IL12Rβ1 and NanoLuc fusions of IL23R do not abrogate the ability of the 

receptor to initiate signal transduction through the phosphorylation of STAT3. 

The high affinity binding site identified in this work is in agreement with the 

EC50 values that were measured for downstream phosphorylation of STAT3 and 

values that others have measured for the IL-23 induced phosphorylation of 

STAT5 (e.g. Varghese et al., 2020; EC50 = 28 pM). 

A consensus mechanism of receptor activation for the wider IL-12 cytokine 

family of receptors has yet to be elucidated. Within the cytokine receptor family, 

initial suggestions of ligand-induced dimerization (Cochet et al., 1988) have 

been contradicted by the discovery of pre-formed inactive dimeric receptor 

complexes (Chua et al., 1994; Couturier and Jockers, 2003; Gent et al., 2002; 

Schuster et al., 2003). Inactive receptor complexes could be activated by ligand 

induced conformational change, for example a rotation of the transmembrane 

domains (reviewed by Maruyama, 2015) resulting in the rearrangement of pre-

dimerised trans-inhibiting JAKs allowing phosphorylation and signalling 
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(Waters et al., 2014). If this is the case for the IL-23 receptor, it is unlikely that 

the interaction occurs within the extracellular domains of the receptor subunits 

alone, as it has previously been demonstrated that purified IL23R and IL12Rβ1 

extracellular domains have no affinity for each other (Bloch et al., 2018) and 

even that these domains can be replaced entirely by nanobodies and still initiate 

signalling with the addition of a synthetic dual antigenic ligand (Engelowski et 

al., 2018). 

Whilst this chapter’s results contradict the previous affinity values used to 

suggest the ligand induced dimerisation of the IL-23 receptor, the observations 

are consistent with previous reports of pre-dimerised inactive receptor 

complexes of the IL-23 receptor, within the wider IL-12 family and at other 

closely related receptors. A study by Sivenesan et al. used IL-23 receptor C-

terminal fusions of split Renilla Luciferase expressed in HEK293 cells to 

demonstrate luminescence in the absence of IL-23 and used this as evidence of 

constitutive association in the absence of ligand (Sivanesan et al., 2016). The 

authors suggested that IL-23 binding leads to a ‘scissor-like’ conformational 

change resulting in activation, similar to the related Erythropoietin Receptor 

(Remy et al., 1999; Sivanesan et al., 2016).   

The initial study outlining the discovery of the IL-12 receptor reported cytokine 

binding sites of three different affinities on live cells, the authors proposed that 

the highest affinity 5 to 20 pM site was formed by a pre-formed receptor dimer 

(Chua et al., 1994). In addition, the deletion of the extracellular stalk region of 

IL23R has been shown to cause the formation of IL23R receptor subunit 

complexes that signal in the absence of ligand (Hummel et al., 2017); this 

observation could be evidence for an inhibitory domain that ordinarily prevents 

signalling in constitutively formed dimers. The closely related IL-6 receptor, 

which includes a gp130 subunit highly homologous to IL12Rβ1 (Chua et al., 

1994) has also been shown to undergo ligand independent dimerisation 

(Schuster et al., 2003).  

The successful application of NanoBRET technology to the IL-23 receptor, 

which is the first heterodimeric cytokine receptor and third cytokine receptor to 

be studied with the technique (after EPOR and TPOR; Jia et al., 2021; Pecquet 
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et al., 2019), highlights its utility to measure similar interactions at other related 

cytokine receptors which remain equally under-investigated.  

The IL-23 cytokine and its receptor are a target of high therapeutic interest, 

however the binding mechanism, an important piece of information for drug 

discovery, had not yet been defined on living cells. This chapter defines the 

affinity of IL-23 to its full-length receptor in living cells for the first time, 

demonstrating that dimerisation alone is not sufficient to activate the receptor 

and indicating that IL-23 binding induces a conformational change in pre-

formed receptor complexes. The direct implication of these observations for 

drug discovery are that a novel potentially druggable interface may exist 

between IL23R and IL12Rβ1. In further chapters NanoBRET and other 

proximity-based techniques will be further applied to gain insights into receptor 

assembly, to characterise peptide antagonists of the receptor and to assess any 

differences in interactions caused by disease relevant mutations.  
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Chapter 4. Probing the constitutive association of the 

IL-23 receptor using NanoLuc Binary Technology  

4.1 Introduction 

NanoLuc Binary Technology (NanoBiT) is a technique based on a split version 

of NanoLuc. The enzyme is divided into a large (18 kDa) fragment (LgBiT) and 

smaller (1.3 kDa) high affinity (HiBit) or low affinity (SmBit) peptides (shown 

in Table 4-1; Dixon et al., 2016). Fusions of NanoBiT fragments to the termini 

of targets of interest can be used to monitor the formation and disruption of 

protein complexes through changes in the production of bioluminescence by the 

complemented enzyme (Dale et al., 2019). The concentration of HiBit tagged 

target in a sample can be measured by the addition of purified LgBit component 

and extracellular protein can be specifically monitored due to the non-permeable 

nature of exogenous LgBit protein (Soave et al., 2020a). 

NanoBiT fragment Sequence Kd (M) 

Native peptide GVTGWRLCERILA 7.0 x 10-9 

HiBit VSGWRLFKKIS 9.0 x 10-7 

sMBit VTGYRLFEEIL 1.9 x 10-4 

Table 4-1: Sequences of NanoBiT fragments used in this chapter with native peptide 

shown for comparison. Kd values are taken from (Dixon et al., 2016). 

Understanding of the mechanism of activation of the IL-23 receptor and 

cytokine receptors more generally is limited. In particular, the way by which 

extracellular binding translates to JAK activation is not clear. Studies on purified 

truncated proteins indicated that the IL-23 receptor is activated through a ligand 

induced dimerization mechanism, whereby IL-23 is first bound by IL23R 

followed by the recruitment of IL12Rβ1 to the IL-23:IL23R complex (Bloch et 

al., 2018). However, NanoBRET studies in Chapter 3 utilizing a recombinant 

cellular system, indicated that the receptor may be activated by the 

conformational change of pre-associated complexes.  

In this chapter, NanoBiT will be utilised to measure the formation of IL-23 

receptor complexes in the presence and absence of IL-23 and to assess if 

heteromers form on the cell surface prior to ligand engagement. Use of NanoBiT 

complemented receptor complexes as donors for BRET studies will also enable 
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the study of IL-23’s interaction with binary complexes. A summary of the 

approach is shown in Figure 4-1. 

 

Figure 4-1: A schematic of the planned experimental approaches to be used in chapter 4. 

The schematic on the left demonstrates how NanoBiT complementation can be used to measure 

complex formation. The schematic on the right demonstrates how the complemented luciferase 

can be used to measure interactions with IL23-TMR through BRET. The crystal structure of 

NanoLuciferase (PDB: 5IBO) is shown, with fragment used to develop HiBit and SmBit 

coloured yellow.  

4.2 Aims 

This chapter aimed to utilise NanoBiT technology to quantify IL-23 receptor 

complex formation in the membrane of living cells in the presence and absence 

of ligand. The chapter also aimed to construct NanoBiT BRET assays in which 

complemented receptor complexes were used as donors to measure interactions 

with fluorescent IL-23. AlphaLISA assays were then used to quantify if 

NanoBiT tagging or complementation affects phospho-STAT3 signalling in the 

presence and absence of IL-23. The chapter aimed to use NanoBiT 
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complementation to probe receptor N-terminal position through 

complementation with exogenous purified protein. Finally, NanoBiT tagged 

receptor complementation was used to monitor competition between receptor 

monomers to form receptor complexes.    

4.3 Methods 

4.3.1.1 NanoBiT constructs 

HiBit-IL23R and SmBit-IL23R expression constructs were generated by 

restriction cloning IL23R into pcDNA.3.1 expression vectors containing N-

terminal HiBit or SmBit tags (kindly donated by Dr Mark Soave; Soave et al., 

2020), using restriction enzymes Xba1 and BamH1. This resulted in linkers with 

the sequence SSGGSSGGSTSPVWWNSADIQHSGGRSR. LgBit-IL23R and 

LgBit-IL12Rβ1 expression plasmids were generated in a similar manner by 

restriction cloning IL23R and IL12Rβ1 into a pcDNA 3.1 expression vector 

containing N-terminal LgBit with a murine 5-HT3A receptor secretion signal 

(kindly donated by Dr Mark Soave; Soave et al., 2020b), again using Xba1 and 

BamH1. This procedure left a linker with the sequence 

GSSGEDLYFQSGSTSPVWWNSADIQHSGGRSR. HiBit-IL23R with a 

truncated linker was created by site directed deletion of an 18-amino acid portion 

of the linker from the previously generated HiBit-IL23R plasmid using a site-

directed mutagenesis kit and phosphorylated primers specific to the regions 

adjacent to the deletion (as described in section 2.3.3.2). The resulting construct 

had a linker with the sequence SSGGSSGGST. Successful insertion of the genes 

and completion of the planned deletions were confirmed by sanger sequencing 

(as described in section 2.3.3.3). 

4.3.2 Transfections. 

HEK293T cells were transiently transfected using both the batch (see section 

2.5.1.1) and single well (see section 2.5.1.2) methodologies. To equalise the 

expression of IL23R and IL12Rβ1 constructs, transfection mixes were made up 

containing a 1:4 ratio of IL12Rβ1 to IL23R constructs.  

The batch transfection protocol was employed for experiments in which cells 

were treated with increasing concentrations of protein, except for the 

experiments which assessed the IL23R C115Y mutation. All other experiments 

utilized the 96-well transfection methodology. 
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4.3.3 Measurement of luminescence and BRET from NanoBiT 

complemented cells. 

96-well microplates containing transfected cells had media removed and 

replaced with HBSS with 1 mg/mL Bovine Serum Albumin (BSA) with or 

without purified IL-23, HiBit or LgBit protein. Cells were then incubated for 1 

hour, before 5 µL of 77 µM furimizine was added to each well. The microplate 

was incubated for 5-minutes before a white plate back was added and 

luminescence readings were measured using a PheraStar FS plate reader with 

gains of 3600.    

When BRET signal was measured from NanoBiT construct expressing cells, a 

white plate back was added to the microplate and the signal measured on a 

PheraStar FS plate reader using a 450 nm (30 nm bandpass) and >550 nm filter 

with gains of 2800 and 3600 respectively. 

4.3.4 Measurement of HaloTag fluorescence intensity. 

Cells were incubated with media containing 200 nM Alexa Fluor (AF) 488 

HaloTag ligand for 30 minutes. Cells were then washed three times with 50 µL 

HBSS followed by the addition of 50 µL HBSS with 1 mg/mL BSA and 

measurement of fluorescence intensity using a PheraStar FS plate reader using 

an excitation laser at 485 nm and emission at 520 nm.  
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4.4 Results 

4.4.1 Luminescence generated by N-terminal NanoBiT fusion constructs 

Plasmid DNA constructs containing N-terminal HiBit, SmBit and LgBit fusions 

of IL23R and a LgBit fusion of IL12Rβ1 were transiently expressed in 

HEK293T cells. Figure 4-2A demonstrates that each of these constructs 

generated little luminescence when expressed alone and supplied with the 

NanoLuc substrate furimizine. To test whether the constructs were surface 

expressed and retained the ability to be complemented by corresponding 

NanoBiT fragments, exogenous purified HiBit or LgBit protein was added. It 

was observed that luminescence was produced when the corresponding fragment 

was expressed on the N-termini of an IL-23 receptor monomer. The highest 

signal was observed for HiBit-IL23R complemented with LgBit, with a lower 

signal observed for the SmBit-IL23R construct due to the lower affinity of 

SmBit for LgBit.  
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Figure 4-2: NanoBiT tagged IL-23 receptor complexes associate on the cell surface in the 

absence of ligand. (A) The luminescence generated when HEK293T cells transiently 

transfected with NanoBiT conjugated IL-23 receptor constructs were incubated with purified 

NanoBiT reagents. (B) The luminescence signal observed when complementarily tagged 

NanoBiT constructs were co-expressed together. (C) The fold change in luminescence from the 

signal observed in (B) when cells were incubated with purified HiBit or LgBit protein. (D) a 

schematic demonstrating the results of (C). Data are mean ± SEM from five independent 

experiments which each contained quadruplicate determinations. 

When HiBit-IL23R was co-expressed with LgBit-IL12Rβ1, a strong 

luminescent signal was observed (73.3-fold that of the mean of the receptor 

constructs expressed in isolation). When an equivalent pairing was expressed 

containing SmBit-IL23R the signal was weaker (6.19-fold lower), however 

remained higher than that of the monomers complemented with exogenous 

protein and was 10.3-fold higher than the mean of receptor constructs expressed 

in isolation (Figure 4-2B). Finally, when cells expressing the complemented 
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receptor pairs were exposed to purified HiBit and LgBit protein (Figure 4-2C, 

D), there was no increase in luminescence in either condition for HiBit-IL23R 

containing heteromers. There was however an increase in luminescence 

equivalent to that observed for LgBit-IL12Rβ1 expressed alone when purified 

HiBit was added to cells expressing the SmBit-IL23R containing heteromer, 

indicating that this construct had a lower affinity for LgBit-IL12Rβ1 than the 

equivalent HiBit construct.   

4.4.2 Affinity of N-terminal NanoBiT fusion constructs for their purified 

partner 

To investigate the affinity of purified HiBit and LgBit to membrane expressed 

LgBit-IL12Rβ1 or HiBit-IL23R constructs, increasing concentrations of 

purified protein were added to cells expressing the tagged receptor monomers 

(Figure 4-3A). HiBit-IL23R had an affinity of 15.2 ± 1.6 nM (n=5) for purified 

LgBit which was 21.7-fold weaker than the value quoted for HiBit alone (Dixon 

et al., 2016). When the affinity of purified HiBit control protein for LgBit-

IL12Rβ1 was measured it was found that whilst the luminescence signal 

increased with concentration this signal did not saturate over the concentration 

range tested (highest concentration equal to 1 µM), which was limited by the 

stock concentration of commercially available HiBit control protein. The 

affinity of purified LgBit for cells expressing SmBit-IL23R was also tested, 

however no luminescence signal was detected over the concentration range used 

(Figure 4-3B). This observation was expected as the reported affinity for the 

interaction of SmBit with LgBit is 190 µM (Dixon et al., 2016).  
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Figure 4-3: The affinity of NanoBiT tagged receptor constructs for purified HiBit or LgBit 

protein. (A) The normalised luminescence signal generated when increasing concentations of 

purified complementary NanoBiT fragment were applied to cells transiently expressing HiBit-

IL23R or LgBit-IL12Rβ1 in isolation. (B) The luminescence signal generated when increasing 

concentrations of LgBit were applied to cells expressing either HiBit or SmBit conjugated 

IL23R. Data are mean ± SEM from five or six (SmBit-IL23R) independent triplicate 

experiments. Data were fit with Equation 2. 
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4.4.3 Luminescence imaging of cells expressing NanoBiT complemented 

receptor 

 

Figure 4-4: Luminescence microscopy demonstrates localisation of NanoBiT heteromers. 

Luminescence (top) and brightfield (bottom) images of HEK293T cells transiently expressing 

IL-23 receptor fusions. Images are representative of four (HiBit-IL23R + LgBit-IL12Rβ1) or 

five independent experiments. Scale bar represents 50 µm. 

To assess the localisation of NanoBiT complemented heteromers, luminescence 

images were taken of cells expressing HiBit-IL23R and LgBit-IL12Rβ1. These 

images demonstrated luminescence at the periphery of the cell and at 

intracellular localisations, these observations were similar to NL-IL23R when 

imaged with IL12Rβ1 under equivalent conditions (Figure 4-4). 

4.4.4 Monitoring interactions of IL-23 with binary NanoBiT complemented 

receptor complexes using BRET 

4.4.4.1 Using BRET to measure the binding of IL23-TMR to binary 

complexes 

To test if the NanoBiT heteromers were able to bind cytokine, IL23-TMR was 

applied to cells expressing HiBit or SmBit-IL23R and LgBit-IL12Rβ1 before 

measuring the BRET signal generated between the complemented luciferase and 

IL23-TMR. The luminescence signal generated from the SmBit heteromer was 
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too low to produce a reliable BRET ratio, however a robust BRET signal was 

generated using cells transfected with the HiBit heteromer which could be 

abolished through the addition of unlabelled IL-23. To test whether the affinity 

of IL23-TMR to exclusively at heteromeric species was increased, the BRET 

signal was measured after increasing concentrations of IL23-TMR were applied 

to cells expressing HiBit-IL23R and LgBit-IL12Rβ1 (Figure 4-5), which gave 

an affinity of 234 ± 40 pM. This value was between that of the previously 

measured values for IL23-TMR binding to HEK293T cells expressing NL-

IL23R and IL12Rβ1 (27.0 ± 3.6 pM; Figure 3-13) and cells expressing IL23R 

and NL-IL12Rβ1 (647 ± 80 pM; Figure 3-14).  
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Figure 4-5: NanoBiT complemented IL-23 receptor heteromers bind IL23-TMR with 

similar affinity to NanoLuc tagged heteromers. (A) The NanoBRET signal generated when 

increasing concentrations of IL23-TMR were applied to cells expressing HiBit-IL23R and 

LgBit-IL12Rβ1 (fit with Equation 1). (B) A schematic depicting the assay used in (A). Data are 

mean ± SEM from five independent experiments which each contained triplicate determinations. 

(C) The affinity of IL23-TMR for NanoBiT heteromers from (A) plotted against specific binding 

traces from Figure 3-13 and Figure 3-14 (fit with Equation 2). 
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4.4.4.2 Confirming the binding of IL-23 to NanoBiT complemented 

heteromers and measuring the effect on complex formation 

 

Figure 4-6: Unlabelled IL-23 binds to NanoBiT heteromers. The inhibition of 300 pM IL23-

TMR binding to cells expressing HiBit-IL23R and LgBit-IL12Rβ1 by increasing concentrations 

of unlabelled IL-23. Data are mean ± SEM from five independent experiments and are fit with 

Equation 4. 

To confirm that non-modified IL-23 could also bind to the NanoBiT 

complemented heteromers, a NanoBRET competition assay was carried out to 

measure the displacement of 300 pM IL23-TMR from cells expressing HiBit-

IL23R and LgBit-IL12Rβ1 by increasing concentrations of IL-23 ( Figure 4-6). 

An IL-23 affinity of 352 ± 155 pM (n=5) was measured, which was comparable 

to that measured for IL23-TMR. Whilst it was confirmed that both IL23-TMR 

and IL-23 bound to the NanoBiT heteromers, there was no increase in NanoBiT 

complementation when IL-23 was added to either SmBit or HiBit heteromers 

(Figure 4-7). Conversely the addition of IL-23 to cells expressing SmBit 

complemented heteromers significantly reduced association (paired t test; p = 

<0.05; discussed in section 4.5).  



149 

 

 

Figure 4-7: NanoBiT heteromers bind IL-23 without any increase in complex formation. 

(A-B) The luminescence of cells expressing (A) HiBit-IL23R or (B) SmBit-IL23R and LgBit-

IL12Rβ1 with or without treatment with 10 nM IL-23. Statistical significance (p = <0.05; paired 

t test) is indicated by *. (C) The fold change in luminescence generated when cells expressing 

HiBit or SmBit containing NanoBiT complemented heteromers are incubated with 10 nM IL-

23. Data are mean from five independent experiments conducted in quadruplicate with overall 

mean ± SEM superimposed. 

4.4.4.3 The binding kinetics of IL23-TMR engaging binary complexes 

To measure the kinetics of IL-23 binding to binary complexes of IL23R and 

IL12Rβ1, real time BRET measurements were made of IL23-TMR associating 

with cells co-expressing HiBit-IL23R and LgBit-IL12Rβ1 (Figure 4-8), in an 

analogous manner to the determination of IL23-TMR kinetics to non-

complemented receptors in Chapter 3. After IL23-TMR reached equilibrium, 

dissociation was initiated by replacement of media with a high concentration of 

unlabelled IL-23 (Figure 4-8B). Due to the lower BRET signal in this system 

the association and dissociation fit failed to give reproducible values. However, 

the koff value was determined from the dissociation plot alone (Figure 4-8B) to 

be 0.0272 ± 0.0019 min-1 (a 1.85-fold slower dissociation than that previously 

measured from non-complemented receptor). This enabled the calculation of a 

kon value from IL23-TMR equilibrium Kd (Table 4-2) that was 16.0-fold slower 
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than the value measured in chapter 3 for IL23-TMR’s association to non-

complemented receptor indicating that the reduction in affinity of IL23-TMR at 

the NanoBiT complemented receptor was driven by a reduction in association 

rate. Interestingly, whilst the dissociation of IL23-TMR from non-

complemented receptor was biphasic, this effect was much less pronounced at 

the NanoBiT complemented receptor. This was demonstrated by a partial F test 

recommending a monophasic fit for the 300 pM concentration and a biphasic fit 

with a 29.9% Kfast component for the 2 nM concentration.  

The dissociation and association rates were also calculated from the kobs of the 

association of single concentrations of associating ligand (Figure 4-8A) using 

Equations 9 and 10. This analysis yielded values that were similar to the 

association (1.22-fold faster) and dissociation (1.22-fold slower) rates calculated 

from the dissociation plot. As more than one concentration of IL23-TMR was 

used, a global fit of association data could have been used (Prism’s ‘Association 

kinetics - Two or more conc. of hot.’ Analysis). However, when data was 

analysed using this methodology the results were unstable, most likely due to 

the low number of concentrations used and variability in the data. 

 

Figure 4-8: The kinetics of IL23-TMR binding to NanoBiT complemented IL-23 receptor. 

(A) The specific association of IL23-TMR, fit with a one phase association (Equation 9).  (B) 

The dissociation traces of IL23-TMR after the association shown in (A) by replacement of the 

media with 30 nM of unlabelled IL-23, fit with a single-phase decay equation (Equation 7). Data 

are mean ± SEM from four (300 pM) or three (2 nM) independent experiments with triplicate 

determinations.  
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Model kon (M-1 min-1) koff (min-1) Residence time 

(min) 

Kd (pM) 

Single phase 

decay  

(Equation 7) 

1.17 ± 0.09 x 

108 

(Calculated 

from koff and 

equilibrium 

affinity) 

0.0272 ± 

0.0019 

36.8 N/A 

Single phase 

association 

(using equations 

9 and 10) 

1.42 ± 0.21 x 

108 

 

0.0332 ± 

0.0049 

(Calculated 

from kon and 

equilibrium 

affinity) 

30.1 N/A 

Equilibrium 

binding 

 

N/A N/A  234 ± 40 

Table 4-2: The kinetic rates measured for IL23-TMR associating to NanoBiT 

complemented heteromers. Data are mean ± SEM from four 300 pM and three 2 nM 

experiments.  

4.4.5 Homodimeric and heterotrimeric complexes 

To test if homomeric receptor complexes or multimeric species containing more 

than one of each receptor unit were formed, the luminescent signal generated by 

homomeric pairings of IL23R and IL12Rβ1 were also tested ( Figure 4-9A). A 

luminescent signal was generated by both the HiBit and SmBit homomeric 

pairings of IL23R indicating that complexes were forming containing at least 

two IL23R proteins, however the luminescence signal was half the amplitude 

(HiBit 2.12-fold and SmBit 2.18-fold) of the equivalent heteromeric condition. 

As with heteromeric pairings the HiBit homomer signal was stronger (6.36-fold) 

than that of the SmBit homomer. Co-expression of IL12Rβ1 with HiBit 

complemented IL23R homomers reduced the signal measured (6.73-fold). 

Homomeric HiBit complemented pairings of IL12Rβ1 produced a greater signal 

than that of heteromeric pairings (1.91 or 2.13-fold for HiBit-IL12Rβ1 or HiBit-

IL23R containing heteromers respectively). The co-expression of IL23R with 

these homomers moderately reduced the signal measured (0.29-fold). Treatment 
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of homomers with IL-23 in the presence or absence of their co-receptors did not 

lead to significant changes in luminescence (paired t test  Figure 4-9B).  

 

Figure 4-9: Formation of NanoBiT linked homomers of IL23R and IL12Rβ1. (A) The 

luminescence generated from cells transfected with different combinations of NanoBiT 

constructs. (B) The fold change in luminescence when the cells from conditions in (A) are treated 

with 10 nM IL-23. Data are mean ± SEM from five quadruplicate or three triplicate (HiBit-

IL12Rβ1 containing conditions) independent experiments. 

The addition of purified HiBit and LgBit to cells expressing HiBit 

complemented homomers of IL23R revealed that there were no reserve of either 

uncomplemented receptor construct, however when the homomers were 

expressed with IL12Rβ1 both LgBit and HiBit tagged IL23R could interact with 

purified protein, indicating that IL12Rβ1 directly disrupted these complexes 

(Figure 4-10A).  Homomers of HiBit-IL23R and LgBit-IL23R did not generate 

a BRET signal when treated with 10 nM IL23-TMR, however when cells were 

co-transfected with HiBit-IL23R, LgBit-IL23R and IL12Rβ1 a BRET signal 

was generated that could be displaced by IL-23 (Figure 4-10B). These trimeric 

or multimeric species had an affinity of 36.2 ± 16.5 pM for IL23-TMR and 140 

± 67 pM for IL-23 (Figure 4-10D and E). IL12Rβ1 homomers could not engage 

IL23-TMR in the presence or absence of IL23R (Figure 4-10C).  
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Figure 4-10: NanoBiT linked homomers of IL23R but not IL12Rβ1 can engage IL-23 when 

co-expressed with their co-receptor. (A) The fold change in luminescence generated when 

transfected cells were treated with either HiBit or LgBit. (B and C) The BRET ratio generated 

when transfected cells are treated with IL23-TMR. (D) The BRET signal generated when cells 

expressing HiBit-IL23R, LgBit-IL23R and IL12Rβ1 were treated with increasing concentrations 

of IL23-TMR. Data are fit with Equation 1. (E) The inhibition of 300 pM IL23-TMR binding to 

cells expressing HiBit-IL23R, LgBit-IL23R and IL12Rβ1 by increasing concentrations of IL-

23, fit with Equation 4. Data are mean ± from five quadruplicate (A-B) or triplicate (C-D) 

experiments. 

4.4.6 Creation of semi-active receptor complexes by NanoBiT 

complementation 

An AlphaLISA assay for STAT3 phosphorylation, was used to test the effect of 

NanoBiT complementation on signal transduction. The results demonstrated 

that both HiBit and SmBit heteromers induced STAT3 phosphorylation when 

cells were treated with IL-23 ( Figure 4-11A). When increasing concentrations 

of IL-23 were applied to cells expressing HiBit-IL23R and LgBit-IL12Rβ1 the 

EC50 of STAT3 phosphorylation was measured to be 193 ± 69 pM (n=4;  Figure 
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4-11B) which was similar to the value measured in chapter 3 for cells transfected 

with wildtype receptor in an equivalent assay (269 ± 106 pM; Figure 3-8).  

It was observed that in the absence of ligand, cells transfected with HiBit-IL23R 

but not SmBit-IL23R containing heteromers had significantly higher (one-

ANOVA, p = <0.05) basal levels of phospho-STAT3 than cells expressing 

wildtype receptor ( Figure 4-11C). To investigate if this effect was mediated by 

HiBit complementation, cells expressing the HiBit heteromer were treated with 

5 μM purified HiBit. This reduced the basal STAT3 phosphorylation of the cells 

by 0.493 ± 0.144 fold (mean ± SEM, n=4;  Figure 4-11D). Next to test if this 

effect was directly related to the proximity of the N-terminal domains of the 

receptor, the basal STAT3 phosphorylation of cells transfected with an 

equivalent NanoBiT heteromer in which the linker between HiBit and IL23R 

had been shortened by 18 amino acids (from 28 to 10) was tested. In this tagging 

conformation the basal transduction remained significantly higher than that of 

wildtype receptor transfected cells ( Figure 4-11E). Finally, to test if the 

synthetic signalling was due to the specific orientation of the N-terminal 

domains rather than constraint alone, cells were transfected with a HiBit linked 

heteromer in which the tagging conformation had been switched so that HiBit 

was conjugated to IL12Rβ1. This led to a significant decrease in basal STAT3 

signalling that was comparable to that measured in wildtype transfected cells ( 

Figure 4-11F). The luminescence produced by cells transfected by this 

heteromer was measured and confirmed to be equivalent to cells expressing 

HiBit-IL23R containing heteromer (Figure 4-9).  
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Figure 4-11: High affinity NanoBiT complementation induces ligand independent 

signalling. (A) The phospho-STAT3 AlphaLISA signal generated from cells transfected with 

NanoBiT constructs and treated with IL-23 for 30 minutes. Data are mean ± SEM from 4 

(monomers), 14 (wildtype), 17 (HiBit-IL23R and LgBit-IL12Rβ1) or 8 triplicate experiments. 

(B) The phospho-STAT3 AlphaLISA signal generated when increasing concentrations of IL-23 

were applied to cells expressing NanoBiT complemented receptor with the previously measured 

curve for wildtype receptor (Figure 3-8) plotted for comparison. Data are mean ± SEM from 

four triplicate experiments and are fit with Equation 5. (C-F) Comparison of the basal pSTAT3 

signalling of cells expressing HiBit-IL23R and LgBit-IL12Rβ1 with either (C) cells expressing 

SmBit-IL23R and LgBit-IL12Rβ1, (D) equivalent cells treated with 5 μM purified HiBit, (E) 

cells expressing LgBit-IL12Rβ1 and a HiBit-IL23R with an 18 amino acid truncated linker and 

(F) cells expressing HiBit-IL12Rβ1 with LgBit-IL23R. (D-F) show mean values generated in 

eight (C), four (D and F) or five (E) independent matched experiments with previously generated 

wildtype data for comparison, overall mean and SEM are also plotted. A one-way ANOVA was 

used to measure the statistical significance of differences. * Signifies a p value of lower than 

<0.05, ** signifies a p value of <0.005 and *** signifies a p value of <0.0005.  
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It was observed that cells transfected with HiBit-IL23R containing heteromers 

also had a higher IL-23 induced amplitude of signalling that wildtype transfected 

cells (Figure 4-12). Treatment with purified HiBit or shortening of the HiBit 

linker did not disrupt this effect (Figure 4-12A-B), however switching of the 

tags did significantly (one-way ANOVA p = <0.0001; Figure 4-12C) reduce 

signal amplitude to a level analogous to that observed in cells transfected with 

wildtype receptor.   

The AlphaLISA assay also allowed the confirmation that cells transfected with 

IL12Rβ1 homomers and IL23R could induce STAT3 phosphorylation (Figure 

4-12D). 

 

Figure 4-12: IL-23 induced STAT3 phosphorylation of NanoBiT complemented receptors. 

(A-C) The phospho-STAT3 AlphaLISA signal generated when cells from Figure 4-11 are 

treated with 5 nM IL-23 for 30 minutes. Data are mean values from four (A and C) or five (B) 

independent triplicate experiments, with overall mean and SEM also plotted. A one-way 

ANOVA was used to measure the statistical significance of differences. ** signifies a p value 

of <0.005, *** signifies a p value of <0.0005 and **** signifies a p value of <0.0001. (D) The 

phospho-STAT3 AlphaLISA signal generated when cells expressing NanoBiT tagged 

homomers with or without their co-receptor are treated with IL-23. Data are mean ± SEM from 

three (HiBit-IL12Rβ1 and LgBit-IL12Rβ1) or four independent triplicate experiments.   
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4.4.7 The affinity of LgBit for HiBit-IL23R in different receptor states 

To assess whether receptor heteromerization and ligand binding alter the 

position of the N-terminal regions of the IL-23 receptor subunits, the affinity of 

purified LgBit was measured to HiBit-IL23R in isolation, when co-expressed 

with IL12Rβ1 and in the presence and absence of IL-23. The affinity of LgBit 

for HiBit-IL23R expressed in isolation, with addition of 5 nM IL-23 was 25.9 ± 

7.9 nM (n=5; Figure 4-13) which was not statistically different from the HiBit 

dissociation constant measured in the absence of IL-23 (unpaired t test). This is 

expected as the affinity of IL23-TMR for NL-IL23R was previously determined 

to be 222 nM (Figure 3-13). In contrast, when HiBit-IL23R was co-expressed 

with IL12Rβ1 the affinity of LgBit was decreased, to similar degree both in the 

presence and absence of IL-23, to a level where there was no clear saturation in 

luminescence signal at the highest concentration used in the assay (1 µM; Figure 

4-13). 

 

Figure 4-13: Heteromerisation but not ligand engagement decreases the affinity of 

exogenous purified LgBit for HiBit-IL23R. The luminescence signal generated by the 

application of increasing concentrations of purified LgBit protein to cells expressing HiBit-

IL23R in the presence or absence of co-expressed IL12Rβ1 and with or without IL-23. Data are 

mean ± SEM from five independent triplicate experiments. 

4.4.8 Disrupting NanoBiT complexes with increasing expression of 

IL12Rβ1 

Finally, to test if NanoBiT heteromers of SmBit-IL23R and LgBit-IL12Rβ1 

could be disrupted by increasing expression levels of non-NanoBiT component 
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labelled IL12Rβ1, cells were transfected with 40 ng of SmBit-IL23R, 10 ng of 

LgBit-IL12Rβ1 and increasing concentrations of HT-IL12Rβ1 cDNA, with the 

total DNA concentration normalised to 100 ng with pc3.1 zeo plasmid. Two 

parallel experiments were carried out, in one luminescence measurements were 

made in the presence and absence of IL-23, in the second the cells were 

fluorescently labelled by incubation with HT-AF488 substrate, followed by the 

measurement of fluorescence intensity. These measurements showed that 

increasing concentrations of HT-IL12Rβ1 cDNA led to a linear increase in HT-

IL12Rβ1 expression (Figure 4-14A) and that this increased expression 

correlated with a decrease in NanoBiT complementation (Figure 4-14B). 

Control experiments were carried out to monitor the effect of increasing the 

expression of IL12Rβ1 on the expression of 10ng of HT-IL12Rβ1 or 40ng HT-

IL23R cDNA (Figure 4-15). These experiments showed that, whilst there was 

some decrease in expression especially in HT-IL12Rβ1 when IL12Rβ1 

expression was increased from 0 to 2.5 ng per well, the expression of receptor 

monomers remained relatively stable over the concentration range tested.       

Figure 4-14: HT-IL12Rβ1 competes with LgBit-IL12Rβ1 for SmBit-IL23R in a ligand 

independent manner. (A) The fluorescence intensity of cells expressing 40 ng SmBit-IL23R 

with 10 ng LgBit-IL12Rβ1 and increasing amounts of HT-IL12Rβ1 cDNA, that have been 

labelled with HT-AF488 ligand. (B) The luminescence signal from cells transfected as in (A; 

without HT-AF488 labelling) in the presence and absence of IL-23. Data are mean ± SEM from 

five quadruplicate experiments. 
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Figure 4-15: Increasing expression of IL12Rβ1 leads to a modest reduction in the 

expression of HT-IL23R and HT-IL12Rβ1. (A) The fluorescence intensity generated from 

cells labelled with HT-AF488 and expressing 40ng SmBit-IL23R cDNA, 10ng LgBit-IL12Rβ1 

cDNA and increasing concentrations of HT-IL12Rβ1 (blue circles), or cells expressing 

increasing concentrations of IL12Rβ1 and HT-IL23R with LgBit-IL12Rβ1 (red squares) or 

SmBit-IL23R with HT-IL12Rβ1 (green triangles). Data are normalised to the background signal 

observed in the 0 ng HT-IL12Rβ1 condition. (B) the correlation between increasing expression 

of HT-IL12Rβ1 (fluorescence intensity measurements of cells transfected with different levels 

of HT-IL12Rβ1 are plotted on the x axis) and the expression of 40ng HT-IL23R or 10 ng HT-

IL12Rβ1 cDNA (as quantified by fluorescence intensity and plotted on the y axis). Data are 

mean ± SEM from five quadruplicate experiments. 
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4.5 Discussion 

The results from Chapter 3 suggested that the IL-23 receptor associates in the 

absence of ligand. In this chapter the formation of inactive and semi-active 

receptor heteromers in the absence of ligand was confirmed by the observation 

of a luminescence signal when N-terminal domains of the receptor are labelled 

with corresponding NanoBiT fragments and co-expressed in HEK293T cells. A 

strong luminescent signal was observed for cells expressing HiBit-IL23R and 

LgBit-IL12Rβ1 and a weaker signal for cells expressing SmBit-IL23R and 

LgBit-IL12Rβ1. The difference in signal is likely to be the result of the greater 

affinity of HiBit for LgBit than SmBit and has previously been described (Peach 

et al., 2021). The lack of subsequent STAT3 phosphorylation observed for 

SmBit-IL23R:LgBit-L12Rβ1 heteromeric complexes in the absence of ligand 

confirms that heteromerization alone is not sufficient to induce signalling. 

Furthermore, the confirmation that IL-23 could bind these receptor heteromers 

made using NanoBRET and phospho-STAT3 transduction assays, taken 

together with the observation that treatment of HiBit-IL23R:LgBit-L12Rβ1 or 

SmBit-IL23R:LgBit-L12Rβ1 heteromeric complexes with IL-23 did not lead to 

an increase in luminescence, indicates that dimerisation is not sufficient in itself 

to initiate receptor activation. 

A 1:4 expression ratio of IL12Rβ1 to IL23R based constructs was used 

throughout this chapter due to the observation in chapter 3 that NL-IL12Rβ1 

was expressed at approximately 4-fold the level as NL-IL23R when cells were 

transfected with equivalent amounts of DNA. This approach was shown to yield 

a near equal ratio of fully complemented receptor components, as the addition 

of purified HiBit or LgBit to cells co-expressing HiBit-IL23R and LgBit-

IL12Rβ1 yielded no increase in luminescence (see Figure 4-2), indicating there 

was not a significant uncomplemented reserve of either protein.  

Whilst the possibility that HiBit:LgBit interactions were contributing to complex 

formation could not be completely ruled out, it was found that the affinity of 

HiBit and LgBit for their corresponding NanoBiT fragment was greatly reduced 

when fused to IL-23 receptor monomers (see Figure 4-3). The effect was most 

marked for LgBit-IL12Rβ1 which did not generate a saturable luminescence 

signal with increasing concentrations of purified HiBit over the concentration 
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range tested, having a likely affinity in the order of 100-1000 nM, making this 

the limiting affinity for NanoBiT complementation driven heteromer formation.  

Utilising a NanoBiT BRET binding assay, in which light generated from 

complemented receptors was used to excite fluorophore conjugated IL-23 (IL23-

TMR), it was possible to monitor binding interactions of IL-23 solely to pre-

formed heteromers (see Figure 4-5). This approach demonstrated an affinity of 

pre-formed IL23R-IL12Rβ1 heteromers for IL23-TMR that was similar to that 

previously measured for IL23-TMR binding to NanoLuc tagged receptor 

heteromers. Interestingly, the equilibrium dissociation constant measured was 

between that of IL23-TMR binding to cells expressing NL-IL23R and IL12Rβ1 

and those expressing (a 1:10 ratio of) NL-IL12Rβ1 and IL23R. The difference 

in these affinities is possibly because the tagging of IL12Rβ1 with NanoLuc 

leads to a greater steric interference in the binding of IL23-TMR. A NanoBiT 

heteromer binding affinity mid-way between these values suggests that the 

position of the complemented luciferase interferes less in binding than NanoLuc 

fused to IL12Rβ1, but more than NanoLuc fused to IL23R. As the affinity of 

IL23-TMR binding to NanoBiT complemented heteromers is equivalent to the 

affinities measured for the interaction of the probe with NL-tagged heteromers, 

and as IL-23 does not induce heteromerization, it is most likely that heteromers 

are pre-formed prior to ligand binding in both experiments. 

The kinetic characterisation of IL23-TMR binding to HiBit-IL23R and LgBit-

IL12Rβ1 was also undertaken (see Figure 4-8). These experiments demonstrated 

that the NanoBiT tagging of the receptor caused a mild reduction in koff rate 

(1.84-fold) combined with a larger reduction in kon (16.0-fold) which is most 

likely the main driver behind IL23-TMR’s weakened affinity at the NanoBiT 

tagged receptor complex. Interestingly whilst the dissociation of IL23-TMR 

from NL-IL23R and IL12Rβ1 was made up of a fast and slow rate step, the 

dissociation of IL23-TMR from binary complexes appeared to be monophasic 

and was closer to the slow rate step measured in chapter 3. This observation may 

indicate that the fast dissociation phase was a result of dissociation from 

monomeric NL-IL23R. 
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A NanoBiT BRET competition assay demonstrated that unlabelled IL-23 also 

bound NanoBiT complemented heteromers with high affinity.  Furthermore, an 

AlphaLISA assay for STAT3 phosphorylation confirmed that both HiBit and 

SmBit containing heteromers were able to mediate ligand induced signal 

transduction. It has previously been suggested the IL-23 receptor is activated 

through a ligand induced dimerisation mechanism (Bloch et al., 2018). 

However, in this study, despite the clear evidence that the NanoBiT receptor 

heteromers were engaging IL-23, the addition of IL-23 did not lead to an 

increase in complex formation in SmBit or HiBit containing heteromers and 

therefore these results are not consistent with a ligand induced dimerisation 

mechanism. These results instead indicate that inactive receptor complexes can 

form in the absence of ligand and are most likely activated by a subsequent 

ligand induced conformational change.  

Measurement of basal STAT3 phosphorylation in the absence of ligand 

stimulation demonstrated that cells transfected with HiBit-IL23R and LgBit-

IL12Rβ1 had higher levels of phospho-STAT3 than untagged receptor or SmBit-

IL23R and LgBit-IL12Rβ1 transfected cells (see Figure 4-11). This observation 

and the reduction in basal signalling induced by treatment with purified HiBit 

indicate that basal signalling is most likely a result of the N-termini of the 

receptor monomers being constrained by the NanoBiT complementation in a 

favourable conformation for ligand independent activation. The observation that 

the level of STAT3 phosphorylation can be raised further by the introduction of 

IL-23 indicates that these complexes are not locked in a fully active 

conformation. Lack of a reduction in basal signalling when the linker between 

the HiBit tag and IL23R was truncated, indicate that this effect is not directly 

related to N-terminal proximity. Instead, the disruption of basal signalling 

caused by the switching of the tag positions indicates that the relative orientation 

of the N-terminal domains is vital for receptor activation. The cause of the higher 

amplitude of IL-23 induced STAT3 phosphorylation observed for cells 

expressing HiBit-IL23R and LgBit-IL12Rβ1 are unclear. A possible hypothesis 

could be that the ligand independent STAT3 activation leads to upregulation of 

pathway components resulting in a higher maximal signal when cells are treated 
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with ligand. This is precedented by the previous observation that STAT3 

signalling upregulates IL23R expression in T cells (Ghoreschi et al., 2010).  

It would be interesting to study the transduction profile of the semi-activated 

crosslinked receptor in a disease relevant cell line, as it has also previously been 

shown that synthetic agonists of cytokine signalling at the Erythropoietin 

receptor (EpoR) can exhibit differential signalling profiles depending on the 

conformation of the dimer that is stabilised (Moraga et al., 2015a). 

It was shown in chapter 3 that the N-terminal domains of the IL-23 receptor 

undergo a re-arrangement on ligand binding. There has also been a report of 

ligand induced re-arrangement occurring at the C-terminal domains of the 

receptor (Sivanesan et al., 2016). The observations at the C-terminus of the 

receptor led to the suggestion that the IL-23 receptor is activated through a 

‘scissor-like’ conformational change, in a similar manner to EpoR, in which the 

C-terminal domains of the receptor are brought into closer proximity allowing 

transphosphorylation of JAK proteins (Sivanesan et al., 2016). This study’s 

observation of ligand independent signalling when the N-terminal domains of 

the receptor are constrained in certain conformations is consistent with this 

hypothesis. This finding may indicate that the wildtype IL-23 receptor could be 

activated by a synthetic bitopic ligand capable of constraining the N-terminal 

domains of the receptor. Indeed, it has previously been shown that a chimeric 

IL-23 receptor containing receptor ICDs, TMDs and N-terminal nanobodies for 

mCherry and GFP could be activated by the application of a bitopic ligand 

consisting of a fusion of the respective fluoro-proteins (Engelowski et al., 2018). 

The formation of heteromers containing more than one IL23R molecule in the 

absence of ligand was also tested. These experiments demonstrated that 

complexes containing HiBit-IL23R or SmBit-IL23R and LgBit-IL23R gave half 

the signal of complexes containing HiBit or SmBit-IL23R and LgBit-IL12Rβ1. 

The ability of these complexes to engage ligand was also tested, revealing that 

when co-expressed with IL12Rβ1 the majority of homomers were disrupted, 

however the remaining complexes could engage IL23-TMR. As the experiments 

in Chapter 3 demonstrated that IL23R and IL12Rβ1 must be present to form the 

high affinity IL-23 binding site, it must be assumed that a multimeric species 
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consisting of at least two IL23R molecules and IL12Rβ1 are engaging IL-23 in 

this situation. Homomeric complexes of IL12Rβ1 were also observed to form in 

the absence of ligand, however these homomers could not engage IL23-TMR 

when co-expressed with IL23R but could induce STAT3 phosphorylation when 

treated with IL-23, indicating that signalling was mediated by non-

complemented complexes. Previously it has been shown that trimeric species of 

chimeric IL-23 receptor components can be induced to form using synthetic 

ligands and that these species can trans-phosphorylate each other to induce 

signalling (Engelowski et al., 2018). The experiments outlined in this chapter 

suggest that multimeric IL-23 receptor species containing multiple IL23R but 

not IL12Rβ1 monomers can be induced to form with no reduction in ligand 

binding affinity, therefore the formation of higher order receptor structures, as 

is the case for other closely related receptors (Ward et al., 1994) cannot be ruled 

out.  

To gain insights into how receptor heteromerization and ligand binding affects 

the N-terminal domain of IL23R, the affinity of purified LgBit for HiBit-IL23R 

in the different receptor configurations was measured. The results demonstrated 

that the affinity of LgBit was significantly decreased when HiBit-IL23R was co-

expressed with IL12Rβ1 and that this effect was not altered by the presence or 

absence of IL-23. This finding indicates that the heteromeric structure of the IL-

23 receptor shields the N-termini of HiBit-IL23R to some degree from 

complementation with LgBit and that this heteromer forms independently of IL-

23. As the N-terminus of IL23R is shielded by IL12Rβ1 to a similar degree both 

in the presence and absence of IL-23, it is likely that in both conformations the 

N-terminal domain of IL23R is in proximity to IL12Rβ1. 

The effect of increasing expression of HT-IL12Rβ1 on the formation of SmBit 

containing NanoBiT heteromers was also tested. This experiment demonstrated 

that HT-IL12Rβ1 could compete with LgBit-IL12Rβ1 for SmBit-IL23R and that 

this effect was independent of the presence of IL-23, further supporting the 

possible presence of inactivated receptor complexes in the absence of ligand. 

The successful disruption of IL-23 receptor heteromers raises the possibility of 

the development of peptide blockers of heteromerization based on the structure 

of IL12Rβ1. Numerous examples of membrane-spanning blocking peptides 
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have been reported that act as allosteric inhibitors of complex formation (Stone 

and Deber, 2017). Such molecules could be useful tools to further study 

heteromer formation, and a potential novel therapeutic tactic to antagonise IL-

23 signalling at the heteromeric interface. A crucial piece of information for this 

approach is the location of the formation of heteromeric receptor species. In 

chapter 3 luminescence was observed at intracellular foci and on the cell 

membrane when imaging cells expressing HiBit-IL23R and LgBit-IL12Rβ1. 

Other cytokine receptors such as the Growth Hormone receptor have been 

shown to be exported from the endoplasmic reticulum as a dimer (Gent et al., 

2002), however studies on IL23R have shown that the molecule is internalised 

after ligand stimulation and recycled to the cell surface in the absence of 

IL12Rβ1 (Sun et al., 2020).  

This chapter has demonstrated that inactive IL-23 receptor complexes form prior 

to cytokine engagement, with the N-terminal domains of the receptor in 

proximity. Furthermore, it has been demonstrated that ligand binding leads to 

no increase in association between receptor monomers and does not decrease the 

IL12Rβ1 mediated shielding of the IL23R N-terminus. In addition, this chapter 

revealed that constraint of the N-terminal domains of the receptor in specific 

orientations can lead to ligand independent activation, with a 10-amino acid 

change in the distance between the N-terminal domains not affecting the 

formation of the semi-activated state. Finally, this chapter has demonstrated that 

receptor complex formation could be inhibited by increasing concentrations of 

competing receptor monomers in a ligand independent manner, highlighting a 

route for allosteric modulation of IL-23 signalling by the disruption of receptor 

complex formation.   
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Chapter 5. Creation and characterisation of a 

fluorescent peptide probe for IL23R  

5.1 Introduction 

Fluorescently labelled probes are key tools for the discovery and 

characterisation of receptor antagonists (Huber, 2017; Schürmann et al., 2016; 

Soave et al., 2020c). The interaction of GPCRs and their ligands have been 

extensively characterised through this approach, using techniques such as 

Fluorescence Polarisation (FP), FRET or BRET, to construct competition assays 

(Stoddart et al., 2016). These assays facilitate screens to identify new binders 

and enable the characterisation and development of novel drug-like molecules 

(Jin et al., 2020; Rectenwald et al., 2019). In addition, fluorescent probes can be 

used to label targets and are especially useful when antibodies specific for a 

receptor are difficult to create (Borgarelli et al., 2021). 

Cytokine receptors are a large group of single transmembrane domain (TMD) 

containing proteins (Liongue et al., 2016). Despite many cytokines being 

important drug targets, for example Interleukin-4 (IL-4), IL-5 and IL-6, (Hassani 

and Koenderman, 2018; Jones and Jenkins, 2018; Oh et al., 2010) there has been 

limited development of peptide or small molecule receptor antagonists 

(Schreiber and Walter, 2010). Instead, the development of biologic cytokine 

antagonists and small molecule signalling inhibitors has been pursued (Baker 

and Isaacs, 2018). Whilst biologic therapies have been highly effective, they are 

expensive to produce, do not cross the blood brain barrier and are usually 

confined to systemic administration through sub-cutaneous injection (Dömling 

and Li, 2022). Small molecule inhibitors of cytokine signal transducers, for 

example JAK proteins, suffer from numerous side effects due to the protein’s 

function in multiple pathways (Virtanen et al., 2019). Small molecule or peptide 

antagonists of cytokine receptors would enable specific inhibition, simplified 

synthesis and local administration, for example through a topical or gut 

restricted treatment for diseases such as psoriasis or Crohn’s disease 

respectively. 
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The IL-23 pathway is a key drug target for the treatment of autoinflammatory 

diseases and is currently antagonised by highly effective biologic treatments 

specific to either the IL23p19 or IL12p40 subunits of the IL-23 cytokine (Parigi 

and Iacucci, 2022). Despite the reports of several classes of IL23R peptide 

antagonists, including linear and cyclic peptides with competitive and non-

competitive binding mechanisms (Bourne et al., 2017; Kong et al., 2020; Kuchař 

et al., 2014; Pandya et al., 2020), no probes have yet been outlined and validated 

to characterise this nascent drug class’s interaction with the receptor. Instead, 

these peptides have been validated using either, functional read-outs which do 

not allow detailed pharmacological characterisation of the peptide’s binding 

mechanism or immobilised purified protein techniques such as ELISA and SPR 

which do not allow the measurement of the interactions with the full-length 

dimeric receptor expressed in the cell membrane (Bourne et al., 2017; Kong et 

al., 2020; Kuchař et al., 2014; Pandya et al., 2020; Quiniou et al., 2014). This 

second point is important as it was demonstrated in Chapter 3 that when the 

subunits of the IL-23 receptor are expressed in the cell membrane, as opposed 

to being studied as purified truncates, their affinity for IL-23 is markedly 

increased (Bloch et al., 2018). 

5.2 Aims 

The aims of this chapter were to use IL23-TMR to characterise reported 

antagonists of the IL-23 receptor. The aim was then to develop and characterise 

a fluorescent probe from a peptide antagonist of the receptor and to use this 

reagent to measure the activity of further antagonists. In parallel the chapter 

aimed to characterise the mechanism of action of reported disease relevant 

mutants of IL23R, including a variant likely to block the IL23R:IL23p19 

interaction interface. This aim was to then use this variant to define the binding 

site of the developed fluoroprobe.      

5.3 Methods 

5.3.1 Site directed mutagenesis 

Amino acid substitutions in IL23R were introduced into untagged and N-

terminal NanoLuc tagged IL23R plasmids using site directed mutagenesis (as 
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described in section 2.3.3.2). The successful substitutions were confirmed by 

sequencing (as described in section 2.3.3.3). 

5.3.2 Transient transfections 

Batch transfections (see section 2.5.1.1) were utilised for the majority of 

experiments. The single well transfection technique (see section 2.5.1.2) was 

used for experiments involving mutant IL23R. A 4:1 ratio of IL23R to IL12Rβ1 

constructs was utilised in all experiments.  

5.3.3 Total and surface expression quantification 

Total expression was quantified by measuring the luminescence from 

transfected cells treated with 7.7 μM furimizine in 50 μL HBSS for 10 minutes 

using a PheraStar FS plate reader. To quantify what proportion of this 

luminescence was a result of surface expressed protein, half of these cells were 

supplemented with 60 μM NanoLuc extracellular inhibitor during the 10-minute 

incubation prior to the measurement of luminescence. 

5.3.4 Intra-receptor NanoBRET experiments 

Transfected cells had media replaced with DMEM with 10% FBS containing 

100 nM HaloTag 618 ligand (Promega) and were incubated for 5 hours at 37 °C 

with 5% CO2. Media was then replaced with HBSS with or without 5 nM IL-23 

and the cells were incubated for a further hour in the absence of CO2. Following 

this 5 μL of HBSS with 77 μM furimizine was added to each well and the BRET 

signal was measured on a PheraStar FS plate reader using 460 nm (80 nm 

bandpass) and >610 nm long pass filters. 

5.4 Results 

5.4.1 Using IL23-TMR to characterise IL-23 receptor antagonists 

In chapter 3 it was demonstrated that IL23-TMR can be competitively displaced 

by unlabelled IL-23. To assess if IL23-TMR can be displaced by further IL-23 

receptor antagonists, several reported inhibitors were tested using this IL23-

TMR competition assay (Figure 5-1). IL12p40, a subunit of IL-23 which is 

endogenously secreted as a monomer and acts as an antagonist of both IL-23 

and IL-12 signalling (Mondal et al., 2020), displaced IL23-TMR with a Ki of 

12.4 ± 1.4 nM (n=5; 392-fold weaker than IL-23). An octapeptide with the 

sequence TEEEQQLY that was reported to be a negative allosteric modulator 
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(NAM) of the IL-23 receptor (Quiniou et al., 2014) was also tested and found 

not to displace IL23-TMR. Finally a cyclic peptide, known as Peptide 630 

(P630) reported in a patent filing describing oral IL23R antagonists was tested 

(Bourne et al., 2017). P630 competitively displaced IL23-TMR with a Ki of 21.8 

± 3.4 nM (n=5; 690-fold weaker than IL-23).  

 

Figure 5-1: Using IL23-TMR to characterise IL-23 receptor antagonists. (A) A schematic 

demonstrated the principles of the BRET competition assay using IL12p40 as an example. (B-

C) The competitive inhibition of the binding of 300 pM IL23-TMR to cells expressing NL-

IL23R and IL12Rβ1 by increasing concentrations of (B) IL12p40 and (C) P630 with previously 

generated (Figure 3-15) IL-23 competition data for comparison. (D) The data from B and C 

plotted with the inhibition caused by TEEEQQLY. Data are mean ± SEM from five independent 

experiments conducted in triplicate and are fit with Equation 4.    

5.4.2 Design and characterisation of P630-TMR 

With the aim of creating a peptide fluorescent probe for IL23R, a TAMRA 

labelled version of P630 was designed and synthesised. The resulting labelled 

probe P630-TMR, consisted of P630 conjugated to TAMRA via a lysine residue 

bound to the C-terminus of the peptide (distal to the cyclised portion of the 

molecule; Figure 5-2B). To test whether the binding of P630-TMR to the 

receptor could be measured via BRET, increasing concentrations of the probe 
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were applied to cells expressing NL-IL23R with IL12Rβ1, NL-IL23R alone and 

NL-IL12Rβ1 with IL23R (Figure 5-2B-D). It was observed that P630-TMR 

bound specifically with comparable affinity (Mean ± SEM, n=5; Kd = 51.1 ± 

7.3, 101 ± 4 and 55.2 ± 10.5 nM respectively) to cells expressing each of these 

combinations of constructs (Figure 5-2C to 2E; Table 5-1). Whilst P630-TMR 

bound each of the receptor combinations with similar affinities, the maximum 

binding (Bmax) BRET ratio was different depending on the constructs expressed 

(Figure 5-2G and F) with the highest Bmax measured for the interaction with NL-

IL23R expressed in isolation (4.04-fold higher than NL-IL23R with IL12Rβ1), 

and the lowest Bmax measured for the interaction with cells expressing NL-

IL12Rβ1 with IL23R (42.5-fold lower than NL-IL23R with IL12Rβ1).  
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Figure 5-2: Creation and characterisation of a fluorescent cyclic peptide probe for IL23R. 

(A-B) The chemical structures of (A) P630 and (B) P630-TMR. (C-E) The BRET ratio measured 

when increasing concentrations of P630-TMR were applied to (A) cells expressing (C) NL-

IL23R alone, (D) NL-IL23R with IL12Rβ1 or (E) NL-IL12Rβ1 and IL23R in the presence or 

absence of 10 μM P630 (fit with Equation 1). (F) The data shown in C-E normalised to % 

maximum BRET ratio. (G) The BRET data shown in C-E with non-specific binding subtracted. 

(H) The specific binding of P630-TMR to cells expressing NL-IL12Rβ1 in the presence or 

absence of IL23R (F-G are fit with Equation 2). Data are mean ± SEM from five independent 

experiments. 

The P630 peptide was originally reported in a patent for molecules that block 

IL-23:IL23R binding (Bourne et al., 2017) and another peptide from the patent 

has been mapped to the IL23R:IL-23 interface (Sayago et al., 2018), therefore 

P630-TMR is likely to bind specifically to the IL23R subunit. To test this 

hypothesis, the binding affinity of P630-TMR to cells expressing NL-IL12Rβ1 



172 

 

in isolation was measured (Figure 5-2G) demonstrating that in the absence of 

IL23R expression there was no specific binding. Finally, the NanoBiT BRET 

system outlined in Chapter 4 was utilised to assess the affinity of P630-TMR 

binding to binary IL-23 receptor complexes (Figure 5-3). P630-TMR 

specifically bound to these binary complexes with a similar affinity (Kd = 53.5 

± 4.4 nM; mean ± SEM, n=3) to that measured for the previously measured 

tagged receptor combinations (Figure 5-2; Table 5-1). 

 

Figure 5-3: P630-TMR binding to binary NanoBiT IL-23 receptor complexes. (A) A 

schematic depicting the NanoBit assay methodology. (B) The BRET ratio generated when 

increasing concentrations of P630-TMR were applied to cells expressing NanoBiT 

complemented receptors. Data are mean ± SEM from three independent experiments conducted 

in triplicate and are fitted with Equation 1. (C) The data from (B) normalised to % of P630-TMR 

specific plateau and plotted with Equation 2 alongside data generated in Figure 5-2 for reference. 

5.4.3 Using P630-TMR to characterise IL23R antagonists 

To test if P630-TMR displacement could be used to measure the affinity of 

unlabelled IL-23, a competition assay was undertaken in which P630-TMR was 

displaced by increasing concentrations of IL-23 from cells expressing either NL-

IL23R in isolation or NL-IL23R co-expressed with IL12Rβ1. It was observed 

that IL-23 displaced P630 with a much lower Ki when both subunits of the 

receptor were co-expressed (Figure 5-4). When NL-IL23R was expressed alone 

P630-TMR was not fully displaced over the concentration of IL-23 tested. When 

NL-IL23R was co-expressed with IL12Rβ1 a Ki of 22.6 ± 5.2 pM (mean ± SEM, 

n=5) was measured for IL-23 which was similar to the value measured in 

Chapter 3 for the displacement of IL23-TMR (31.6 ± 7.7 pM). 
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Figure 5-4: The displacement of P630-TMR by IL-23 is dependent on the co-expression of 

IL12Rβ1 with IL23R. (A) The displacement of 75 nM P630-TMR by increasing concentrations 

of IL-23 from cells expressing NL-IL23R in the presence or absence of IL12Rβ1. (B) The 

displacement of different concentrations of IL23-TMR by increasing concentrations of P630. 

(C) The data shown in (B) normalised to % inhibition (total inhibition was defined by an excess 

of IL-23). (D) the relationship between P630 IC50 determined in (C) and the concentration of 

IL23-TMR used. Data are mean ± SEM from four (A: NL-IL23R + pc3.1 zeo) or five 

independent experiments performed in triplicate. Data in (A-C) were fit with Equation 4. 

To assess if the interaction of P630 with IL-23 was competitive, multiple 

concentrations of IL23-TMR were displaced by P630. Consistent with a 

competitive interaction increasing concentrations of IL23-TMR shifted the 

measured P630 IC50 to higher levels (Figure 5-4B). The mean value generated 

for P630 Ki was 38.0 ± 9.0 nM (± SEM, n=25). The Cheng-Prusoff equation was 

then used to generate an IL23-TMR Kd value of 32.0 pM from the gradient of 

the linear regression of the data plotted in Figure 5-4D and the measured P630 

Ki value. The experiment was also repeated with different concentrations of 

P630-TMR being competed by IL-23 (Figure 5-5A). Interestingly, in this assay 

configuration, there was not a significant change in the measured IL-23 IC50 

over the concentration range of P630-TMR tested (Figure 5-5B).     
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Figure 5-5: Unlike the interaction between IL23-TMR and P630 the interaction between 

IL-23 and P630-TMR is non-competitive. (A) Displacement of several concentrations of 

P630-TMR by increasing concentrations of IL-23. (B) The data from (A) normalised to % of the 

maximum inhibition of the BRET signal. Data are mean ± SEM from five independent 

experiments performed in triplicate and are fit with Equation 4. 

The ability of P630-TMR to characterise other reported IL-23 receptor 

antagonists was then tested using cells expressing NL-IL23R and IL12Rβ1 

(Figure 5-6A). Unlabelled P630 was able to displace P630-TMR yielding a Ki 

of 6.32 ± 1.06 nM which was similar to the value measured using IL23-TMR 

(21.8 ± 3.4 nM; Figure 5-1). TEEEQQLY and IL12p40 did not displace P630-

TMR (see schematic shown in Figure 5-6A and B). Given that IL12p40 

displaced IL23-TMR but not P630-TMR, single concentrations of an IL23p19-

Fc fusion protein, IL12p80 (a homodimer of IL12p40) and IL-12 (a 

heterodimeric cytokine made up of IL1240 and IL12p35) were tested to see if 

there were any differences in the displacement of these molecules (Figure 5-6B). 

A 200 nM concentration of IL23p19-Fc exhibited a low level of inhibition of 
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both IL23-TMR and P630-TMR. Both IL12p80 and IL-12 displaced IL23-TMR 

to a much greater degree than P630-TMR, with IL-12 giving no inhibition of 

P630-TMR and IL12p80 treatment leading to mild inhibition. Interestingly, the 

level of IL23-TMR displacement by 50 nM of IL12p80 was higher than that of 

500 nM IL-12 and comparable to that induced by 500nM IL12p40. This result 

indicates that homodimerisation of IL12p40 enhances the protein’s ability to 

inhibit IL-23 binding.  

 

Figure 5-6: P630-TMR measures antagonism at the IL23R/IL23p19 interface. (A) A 

schematic demonstrating the competitive displacement of IL23-TMR by IL12p40. (B) A 

schematic demonstrating how P630-TMR is not displaced when IL12p40 binds to IL12Rβ1. (C) 

The displacement of 75 nM P630-TMR by increasing concentrations of various IL-23 receptor 

binders (fit with equation 4). (D) the displacement of either P630-TMR or IL23-TMR by a single 

concentration of various IL23R or IL12Rβ1 binders. An * indicates a concentration that was 

used for P630-TMR inhibition. Data are mean ± SEM from three (C: TEEEQQLY) or five 

independent experiments performed in triplicate. 
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Probe Assay Constructs 

expressed 

Ki or Kd 

IL12p40 IL23-TMR 

Competition 

(Figure 5-1B)  

NL-IL23R and 

IL12Rβ1 

12.4 ± 1.4 nM  

P630-TMR 

Competition 

(Figure 5-6A) 

Did not displace 

probe 

TEEEQQLY  IL23-TMR 

Competition 

(Figure 5-1D)   

NL-IL23R and 

IL12Rβ1 

Did not displace 

probe 

P630-TMR 

Competition 

(Figure 5-6A) 

Did not displace 

probe 

P630 IL23-TMR 

Competition 

(Figure 5-1C)  

NL-IL23R and 

IL12Rβ1 

21.8 ± 3.4 nM  

P630-TMR 

Competition 

(Figure 5-6A) 

6.32 ± 1.06 nM 

IL-23 IL23-TMR 

Competition 

(Figure 3-15A)  

NL-IL23R and 

IL12Rβ1 

31.6 ± 7.7 pM 

(Chapter 3) 

P630-TMR 

Competition 

(Figure 5-4A) 

22.6 ± 5.2 pM 

  

P630-TMR Binding assay 

(Figure 5-2C-E 

and 5-3B) 

NL-IL23R and 

IL12Rβ1 

51.1 ± 7.3 nM 

NL-IL23R 101 ± 4 nM 

NL-IL12Rβ1 and 

IL23R 

55.2 ± 10.5 nM 

NL-IL12Rβ1 No observable 

binding 

HiBit-IL23R and 

LgBit- IL12Rβ1 

53.5 ± 4.4 nM 

Table 5-1: The affinities of antagonists and labelled probes described in this chapter. 
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5.4.4 Kinetic characterisation of P630-TMR 

The kinetic binding properties of P630-TMR were also investigated (Figure 5-

7). It was observed that treatment of cells transfected with NL-IL23R and 

IL12Rβ1 with 75 nM P630-TMR led to a rapid association followed by a 

biphasic decay in signal. Interestingly, incubation of cells with 300 pM IL-23 

prior to the addition of P630-TMR resulted in a rapid association that was not 

followed by this characteristic decay phase. In addition, replacement of media 

with 300 pM IL-23 and 75 nM P630-TMR at later time points also reduced the 

BRET ratio to a similar level and abolished this decay.   

  

Figure 5-7: The kinetic properties of P630-TMR. The BRET signal measured when 

HEK293T cells transiently transfected with NL-IL23R and IL12Rβ1 were treated with P630-

TMR in the presence and absence of competitors. Numbered arrows indicate time points at 

which additions were made. At time point 1 (following a 40-minute pre-incubation) media was 

replaced with 75 nM P630-TMR. At time point 2 (40 minutes after time point 1) certain 

conditions had media replaced with an excess of IL-23 or P630 or 300 pM IL-23 with 75 nM 

P630-TMR. At time point 3 (40 minutes after time point 2) in one condition media was replaced 

with 300 pM IL-23 and 75 nM P630-TMR. Data are mean ± SEM from three (addition of excess 

of IL-23 or P630), four (addition of 300pM IL-23 and P630-TMR) or five independent 

experiments conducted in triplicate. 
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When the media was replaced with an excess of unlabelled IL-23 or P630, P630-

TMR rapidly dissociated. When the rate of this dissociation was quantified, a 

P630-TMR dissociation rate of 1.51 ± 0.20 min-1 was given from which an 

association rate of 2.96 ± 0.38 x 107 M-1 min-1 could be calculated using the pre-

determined equilibrium affinity value Table 5-2.  

Model kon (M-1 min-1) koff (min-1) Residence time 

(min) 

Kd (nM) 

Single 

phase 

decay  

2.96 ± 0.38 x 107 

(Calculated from 

Koff and 

equilibrium 

affinity) 

1.51 ± 0.20  0.701 ± 0.105 N/A 

Equilibrium 

binding  

N/A N/A N/A 51.1 ± 7.3 

(Figure 5-2D) 

 

Table 5-2: The kinetic properties of P630-TMR. 

 

5.4.5 Defining the mechanism of action of the IL23R C115Y loss of 

function mutation 

A single nucleotide polymorphism resulting in a cysteine to tyrosine mutation 

in the N-terminal domain of IL23R was previously reported in patients 

demonstrating a deficient immune response to Mycobacterial pathogens, with 

this mutation shown to block IL-23 induced STAT3 phosphorylation (Martínez-

barricarte et al., 2018). Due to the position of the C115Y mutation at the 

IL23R:IL23p19 interface (Figure 5-8A) and the residue’s role in tethering a 

‘hook-like’ projection of IL23R that interacts with IL23p19 (Bloch et al., 2018), 

it was hypothesised that the loss of function of the C115Y mutant could be due 

to impaired binding of IL-23. To test this, untagged and NanoLuc tagged 

versions of the C115Y IL23R variant were created. When signal transduction of 

these mutants were tested, it was found that, as previously reported (Martínez-

barricarte et al., 2018), the mutation blocked STAT3 phosphorylation (Figure 5-

8B). Using the NanoLuc tag as a marker of expression it was demonstrated that 

the C115Y mutation could be successfully surface expressed in HEK293T cells, 

although the mutation resulted in a 40.8% reduction in total NL-IL23R and a 
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37.3% reduction in the proportion of NL-IL23R on the cell surface as compared 

to wildtype (Figure 5-8C and D). The fraction of NanoLuc tagged protein on the 

cell surface was defined by addition of 60 μM Extracellular NanoLuc inhibitor, 

a compound with a reported affinity of less than 10 nM (Walker et al., 2017). 

Using the intra-receptor NanoBRET assay to measure the basal association of 

receptor subunits, as described in Chapter 3, it was discovered that the C115Y 

mutant still associated with fluorescently labelled HT-IL12Rβ1 although this 

was reduced by 50.1% from the level of association measured for wildtype 

IL23R, a reduction consistent with the protein’s reduced total and surface 

expression (Figure 5-8E).  



180 

 

 

Figure 5-8: A single nucleotide polymorphism in the N-terminal domain of IL23R, linked 

to immunodeficiency, blocks binding of both IL23-TMR and P630-TMR. (A) Left: A crystal 

structure of the N-terminal domains 1-3 of IL23R (orange) in complex with IL-23 (IL23p19 = 

blue, IL12p40 = green) and the N-terminal domain 1 of IL12Rβ1 (PDB: 6WDQ; Glassman et 

al., 2021). Right: The magnified interaction interface between IL23R and IL23p19, with C115 

coloured cyan. (B) The phospho-STAT3 alphaLISA signal generated when cells expressing 

IL12Rβ1 and different IL23R constructs are treated with 5 nM IL-23. Data are mean ± SEM 

from six (untagged) or three (NanoLuc tagged) independent experiments conducted in triplicate. 

(C) The luminescence signal measured when IL12Rβ1 is expressed with either NL-IL23R 

wildtype or the C115Y mutant. Data are mean ± SEM generated from the mean luminescence 

values from eight independent experiments performed in pentuplicate. (D) The proportion of 

luminescence from (C) that emanated from extracellular protein (as defined by the reduction in 
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luminescence after treatment with 60 μM NanoLuc extracellular inhibitor). (E) The BRET ratio 

generated when NL-tagged wildtype or C115Y IL23R were co-expressed with HaloTag-618 

ligand labelled HT-IL12Rβ1. Data are mean ± SEM generated from the mean BRET values of 

three independent experiments performed in pentuplicate. (F-G) The BRET ratio generated 

when increasing concentrations of (F) IL23-TMR or (G) P630-TMR were applied to cells 

expressing wildtype (pink) or C115Y (black) mutant receptor (fit with Equation 2). Data are 

mean ± SEM from five (C115Y) or four (wildtype) independent experiments conducted in 

triplicate. 

The ability of the C115Y mutant to bind IL23-TMR was also tested (Figure 5-

8F), demonstrating that whilst a specific BRET signal was measured from 

control cells expressing the wildtype receptor, IL23-TMR did not bind to C115Y 

mutated IL23R. To test if P630-TMR and IL23-TMR shared a common binding 

epitope in the N-terminal region of IL23R the binding of P630-TMR to cells 

expressing wildtype and mutant receptor was also measured, demonstrating that 

the C115Y mutation also blocked specific binding of P630-TMR (Figure 5-8G).     

The properties of two further disease associated IL23R mutants were also 

measured and compared to C115Y and wildtype protein. These mutants (V362I 

and R381Q; locations highlighted in Figure 5-9A) had both been identified to 

lower the risk of autoinflammatory diseases through genome wide association 

studies (GWAS) (Sivanesan et al., 2016). Whilst the V362I mutant had similar 

properties to wildtype IL23R, it was observed that the R381Q mutant resulted 

in lower surface expression and a subsequent lowered association with HT-

IL12Rβ1 (Figure 5-9B-D). Despite this reduced surface expression, the R381Q 

mutant generated a similar amplitude of STAT3 phosphorylation to wildtype 

IL23R after cytokine stimulation and bound IL23-TMR with a comparable 

affinity to wildtype IL23R (Figure 5-9E and F).   
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Figure 5-9: Comparison of the properties of the C115Y IL23R mutant with IL23R variants 

associated with protection from autoinflammatory diseases.  (A) The Alphafold predicted 

structure of the transmembrane and membrane proximal regions of IL23R with the V362 and 

R381 residues shown in green and magenta respectively (Jumper et al., 2021). (B) The 

luminescence measured when NanoLuc tagged mutants of IL23R are transiently expressed with 

IL12Rβ1 (C) The proportion of the luminescent signal generated in (B) that originated from 

extracellular protein (defined by the reduction in luminescence after treatment with 60 μM 

NanoLuc extracellular inhibitor). Data are mean ± SEM generated from six (V362I) or eight 

independent experiments performed in pentuplicate. (D) The intra-receptor BRET signal when 

NanoLuc tagged IL23R variants were co-expressed with HaloTag-618 ligand labelled HT-

IL12Rβ1. Data are mean ± SEM generated from three independent experiments performed in 

pentuplicate. (E) The phosphorylation of STAT3 when cells expressing IL23R variants and 

IL12Rβ1 are treated with 5 nM IL-23. Data are mean ± SEM from six (untagged) or three 

(NanoLuc tagged) independent experiments conducted in triplicate. (F) The BRET signal 

measured when increasing concentrations of IL23-TMR were applied to cells expressing 
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NanoLuc tagged IL23R variants with IL12Rβ1. Data are mean ± SEM from five or four 

(wildtype) independent experiments conducted in triplicate and are fit with Equation 2. 

 

Despite the association of the C115Y mutant with HT-IL12Rβ1, when these 

receptor complexes were treated with IL-23, the characteristic decrease in BRET 

(observed for wildtype IL23R in chapter 3-19) was not observed, indicating that 

there was no ligand induced conformational change (Figure 5-10). When the 

same assay was performed on the V362I and R381Q mutants, a ligand dependent 

decrease in BRET was observed for both isoforms, with a reduced change 

associated with the R381Q mutant.  

 

Figure 5-10: The C115Y mutant of IL23R associates with IL12Rβ1 but does not undergo 

ligand induced conformational change. (A) The BRET ratio generated by transiently 

transfected cells labelled with HT618 ligand in the presence and absence of IL-23. (B) the data 

from (A) expressed as mean change in BRET ratio with IL-23. (C) the data from (A) transformed 

to % change in BRET signal with IL-23 addition. Data are mean ± SEM from three independent 

experiments conducted in pentuplicate. 

5.5 Discussion 

The availability of validated chemical probes is a vital resource for the 

interrogation of emerging drug targets. Whilst there are few reports of small 

molecule antagonists of cytokine receptors, a growing list of cyclic peptide 

inhibitors of the IL-23 receptor indicates that the target may be tractable for 

antagonists beyond traditional antibody-based drugs (Cheng et al., 2019; Kong 
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et al., 2020; Kuchař et al., 2014; Pandya et al., 2020; Quiniou et al., 2014). In 

this chapter a fluorescently tagged version of IL-23 was used to measure 

antagonism of the IL-23 receptor by IL12p40, an endogenous protein antagonist 

(Mondal et al., 2020) and P630, a peptide from an emerging class of cyclic 

peptide IL23R inhibitors (Bourne et al., 2017). P630 was then developed into a 

novel fluorescent probe for the IL-23 receptor termed P630-TMR, through 

conjugation with the fluorophore TAMRA.  

By measuring the binding of P630-TMR to cells expressing the cytokine 

subunits in isolation and together, using NanoBRET ligand binding assays, it 

was determined that P630-TMR bound specifically to IL23R. The mechanism 

of action of the IL23R C115Y loss of function mutation was then established to 

be a disruption of the IL23R:IL23p19 binding epitope with this result used to 

demonstrate that the IL23R binding epitope for P630-TMR and IL23-TMR is 

most likely conserved, as both probes cannot bind this mutant (see Figure 5-8).  

It was observed that whilst P630-TMR bound with comparable affinity to cells 

expressing NL-IL23R in isolation or with IL12Rβ1, the BRET efficiency was 

much higher in the absence of IL12Rβ1 (see Figure 5-2). It has been 

demonstrated in previous chapters that the IL-23 receptor subunits associate in 

the absence of ligand with the N-termini in proximity. A possible explanation 

for the observed IL12Rβ1 driven reduction in BRET efficiency is a modulation 

of the position of the IL23R conjugated NL-tag by the N-terminus of IL12Rβ1 

within an inactive receptor complex. The further reduction in BRET efficiency 

observed when the NanoLuc tag is placed on the N-terminus of IL12Rβ1 is most 

likely due to the increased distance between the N-terminus of IL12Rβ1 and the 

P630-TMR binding epitope, however the successful measurement of a BRET 

signal is consistent with the receptor subunits forming a complex in the absence 

of IL-23.  

Fluoroprobes are useful tools in drug discovery as they can be used to identify 

the competitive binding of molecules that share a common binding site. It was 

found that P630-TMR could be displaced by IL-23, unlabelled P630 and to a 

low degree with an IL23p19-Fc fusion protein (see Figure 5-6), therefore it is 

likely P630-TMR could be used to characterise novel binders of the 
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IL23p19:IL23R interface. Furthermore, by positioning the NanoLuc tag on the 

N-terminus of IL12Rβ1, displacement of P630-TMR could be measured from 

unlabelled IL23R. This would be advantageous as structural studies have 

demonstrated that the N-terminal domain of IL23R is closely involved in ligand 

binding. Using this approach, the interaction of unmodified IL23R binders with 

untagged full-length IL23R could be measured in the membranes of living cells, 

enabling a more accurate recapitulation of in vivo drug-target interactions.  

In this chapter it was demonstrated that the interaction between IL23-TMR and 

P630 is competitive, reinforcing the hypothesis that P630 binds to a shared 

epitope with IL-23. However, the lack of a conventional competitive interaction 

when P630-TMR was displaced with IL-23 indicates that observations of the 

interaction at the IL23R interface may be biased by the presence of the additional 

IL-23 binding site on IL12Rβ1, which acts as an additional allosteric site from 

which P630 cannot displace IL-23.  

The IL-23 binding site is made up of interfaces on two proteins which have been 

shown to associate prior to ligand binding in this experimental model. It is 

therefore possible that IL-23 can first bind the IL12Rβ1 half of the binding site 

subsequently displacing P630-TMR either through constraint in the region of 

the IL23R epitope or a cooperative effect that displaces P630-TMR. This would 

explain why increasing concentrations of P630-TMR did not raise the IC50 of 

IL-23 (see Figure 5-5), as this effect would be dependent on the initial interaction 

with IL12Rβ1. However, this model conflicts with the observation that 

increasing concentrations of P630 led to increasing displacement of IL23-TMR 

(see Figure 5-4). Perhaps this effect could be explained by the existence of a 

threshold above which P630 is able to displace IL23-TMR, although the IL23-

TMR displacement by P630 appear to be mono-phasic and the affinity of P630 

is similar when measured with P630-TMR or IL23-TMR. A further factor that 

may influence the results could be modulation of the interaction between P630 

and IL-23 brought on by the addition of the TMR moiety to P630, or the 

concentration ranges used in both experiments. To probe the differences 

observed here in more detail it would be useful to study the competition of IL-

23 with P630-TMR at NL-IL23R expressed in isolation. To ascertain if in the 

absence of IL12Rβ1 the interaction becomes competitive. In addition, the 
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experiment could be conducted with an excess of P630-TMR to see if a threshold 

exists beyond which IL-23 can be competitively displaced.   

IL-23 engages its receptor in a bivalent interaction in which IL23R specifically 

engages IL23p19 and IL12Rβ1 specifically interacts with IL12p40 (Glassman 

et al., 2021; Schroder et al., 2015). This means that potential competitive 

antagonists could be directed to either the IL12Rβ1 or IL23R epitopes, however 

due to the promiscuous pairing of IL12Rβ1 with IL12Rβ2 to form the IL-12 

receptor complex, all IL23R antagonists reported thus far have been directed at 

the IL23R interface, making them specific to IL-23 signalling. Using fluoro-

labelled IL-23 it was possible to measure antagonism at both the IL23R and 

IL12Rβ1 interfaces, as shown by the displacement of IL23-TMR but not P630-

TMR by IL12p40, a protein that specifically binds to IL12Rβ1 (Glassman et al., 

2021). IL-12 was able to displace IL23-TMR but not P630-TMR, presumably 

through competition at the IL12p40:IL12Rβ1 interface. This finding may 

represent an endogenous mechanism through which IL-23 signalling is regulated 

by the presence of IL-12, through competition for IL12Rβ1.  

IL12p80, a homodimer of IL12p40 reported to act as an antagonist of IL-12 

signalling and to have its own functional responses (Jana et al., 2009; Mondal et 

al., 2020), also inhibited IL23-TMR binding. This is presumably through the 

IL12p40:IL12Rβ1 interface as P630-TMR was not heavily displaced by an 

equivalent concentration of IL12p80. The low level of displacement of P630-

TMR by IL12p80 and not IL12p40, at concentrations that led to an equivalent 

displacement of IL23-TMR, could imply that IL12p80 was able to displace 

P630-TMR through a steric interaction when the larger molecule bound to the 

closely associated IL12Rβ1 subunit, if IL12p80 is able to displace IL23p19 in a 

similar fashion this may explain the molecule’s more potent displacement of 

IL23-TMR. Another interesting observation was the equivalent inhibition of 

IL23-TMR by IL12p40 and a 10-fold lower concentration of IL12p80. Although 

IL12p80 contains two IL12p40 molecules this does not account for the increase 

in competition. Taken together with previous reports of murine IL12p80’s 

increased inhibition of IL-12 binding compared to IL12p40 (Gillessen et al., 

1995), this observation indicates that homodimerization of IL12p40 increases 

the molecule’s ability to displace heterodimeric IL12Rβ1 engaging cytokines.  
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The competitive displacement of an octapeptide that is a reported allosteric 

antagonist of the IL-23 receptor (TEEEQQLY) was also tested, demonstrating 

that it did not displace IL23-TMR or P630-TMR (see Figure 5-1 and 5-6). As 

the inhibition of functional response by this molecule was not tested, the efficacy 

of the molecule as an IL-23 receptor antagonist cannot be assessed, however the 

results indicate that, as reported, the peptide does not competitively bind to 

either of the IL-23 binding epitopes (Quiniou et al., 2014).   

The binding kinetics of P630-TMR were also investigated. Whilst it was 

demonstrated in Chapter 3 that 300 pM of IL23-TMR reached a stable 

equilibrium after approximately 20-minutes, P630-TMR had a much more rapid 

association (62.9-fold the kon of IL23-TMR), with 75 nM of the probe reaching 

its maximum association within 5-minutes and then undergoing a biphasic 

reduction in the observed BRET signal (see Figure 5-7). This reduction in signal 

is unlikely to be a result of substrate depletion, evaporation or another assay 

artefact as it is not observed for the equivalent interaction with IL23-TMR, 

meaning the phenomena is most likely specific to P630-TMR. Furthermore, 

when cells were pre-incubated with 300 pM unlabelled IL-23, P630-TMR bound 

with no decrease in signal over time. A possible hypothesis to explain these 

observations is that P630-TMR has a two-step binding mode in which an initial 

binding event is followed by a re-arrangement in which the secondary position 

has a less favourable orientation for BRET. The dissociation rate of P630-TMR 

was also measured, demonstrating that the probe exhibited a rapid dissociation 

from the receptor (30.1-fold faster than IL23-TMR). These results demonstrate 

that the P630-TMR probe has much quicker association and dissociation rates 

than IL-23, with the higher affinity of IL-23 driven by the elongated residence 

time of the IL-23 cytokine at the receptor.    

A disadvantage of using a fluoroprobe competition assay in drug discovery, is 

that allosteric interactions may not be identified if they do not displace the probe 

used. A good example in this study is the lack of displacement of P630-TMR by 

IL12p40, a known binder of IL12Rβ1. The advantageous nature of the approach 

described in this chapter, is that by screening potential antagonists through both 

P630-TMR and IL23-TMR competition assays, ‘hits’ can be further sorted into 

IL23p19 competitive (if they displace P630-TMR and IL23-TMR) or IL12p40 
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competitive or allosteric (if they only displace IL23-TMR). If an allosteric 

molecule binds to the receptor, preventing activation by IL-23 but not impacting 

IL23-TMR binding, this could be identified by one of the many functional assays 

that have been described for the pathway (for example; Fereshteh et al., 2016; 

Varghese et al., 2020). Currently drug discovery efforts targeting the IL-23 

receptor would either need to screen molecules against purified protein in a 

biochemical assay, an approach which does not accurately represent the activity 

of the receptor constituents on the cell surface, or screen ‘hits’ found in 

functional assays for activity against signal transducers that could result in non-

specific inhibition of the pathway.   

Several disease linked mutants of IL23R were also profiled using the previously 

validated NanoBRET and AlphaLISA assays. The experiments conducted 

indicated that the R381Q mutation reduced surface expression, as had previously 

been reported in the literature (Sun et al., 2020) and demonstrated that both the 

V362I and R381Q mutants maintained a similar affinity for IL-23 (Figure 5-9). 

The immunodeficiency linked C115Y mutation however, completely blocked 

binding of IL23-TMR which is likely the mechanism through which 

responsiveness to IL-23 is lost in patients with the mutation (Martínez-barricarte 

et al., 2018). Both R381Q and V362I mutants have been identified as protective 

against the development of auto-inflammatory disease and have been shown to 

maintain functionality in cellular models (Sivanesan et al., 2016). The 

maintenance of unmodified ligand binding and signalling demonstrated here   

indicate that there is a more subtle mechanism by which propensity for auto-

inflammatory disease is modulated. 

This chapter describes the use of IL23-TMR and the novel fluorescent peptide 

P630-TMR as competitive probes to define IL-23 receptor antagonists, however 

this is not the only application for a membrane receptor specific fluorescent 

probe. Examples of further applications of P630-TMR include the fluorescent 

labelling of cells for imaging or flowcytometry experiments (Borgarelli et al., 

2021). The approach outlined in this study to measure competitive interactions 

at IL23R should enable better characterisation of an emerging class of peptide 

inhibitors. As the tractability of further cytokine receptors for peptide or small 

molecule antagonism is established (for example; Bello et al., 2014; Scheide-
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Noeth et al., 2019) this technology could be applied in a similar way to further 

under-characterised drug targets.   
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Chapter 6. General Discussion 

The IL-23 receptor is an important therapeutic target for auto-inflammatory 

conditions such as Crohn’s disease and psoriasis, however the mechanism of 

receptor activation has yet to be fully defined. Using NanoBRET this project 

measured the interaction of IL23-TMR with NanoLuc fusions of the full-length 

IL-23 receptor subunits expressed in live cells and reported that IL23-TMR had 

a higher affinity for NL-IL12Rβ1 compared to that for NL-IL23R. In addition, 

it was observed that co-expression of NL-IL23R with IL12Rβ1 created a binding 

site with an affinity far higher than those measured for NL-IL23R or NL-

IL12Rβ1 alone (Figure 3-13). Intra-receptor NanoBRET experiments indicated 

that this heteromeric complex could be formed in the absence of added ligand 

and demonstrated that the binding of IL-23 induced a potent change in the 

relative positions of the N-terminal domains of the receptor in a manner 

consistent with a conformational change (Figure 3-19). These experiments 

contradicted the existing literature model of receptor activation which stated that 

IL-23 first engages IL23R leading to the binding of IL12Rβ1 by the IL-

23:IL23R complex (Bloch et al., 2018). However, as the previous experiments 

were conducted using purified truncates of the receptor extracellular domains, it 

was unsurprising that the proteins functioned differently when expressed at their 

full-length within the cell membrane. Another important factor are the reports 

that interactions between cytokine receptor subunits may be partly mediated 

through constitutively associated JAK proteins, whose effects would only be 

observed in an intact cellular system (Waters and Brooks, 2015; Wilmes et al., 

2020). 

To further explore the constitutive association of the IL-23 receptor components, 

complex formation was monitored using NanoBiT complementation. In these 

assays, receptor subunit association was measured by the reconstitution of 

NanoLuc from complementary fragments appended to the N-terminal domains 

of the receptor. This technique, which does not use resonance energy transfer 

and so is not influenced by dipole-dipole interactions, has lower sensitivity to 

changes in orientation when compared to the intra-receptor BRET assay and 

therefore allows a focus on proximity. The methodology also enabled the 

establishment of a donor for subsequent BRET binding studies to measure the 
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engagement of IL23-TMR to binary receptor complexes. This approach 

confirmed that in a transient transfection system the IL-23 receptor heteromer 

associates in the absence of ligand. Despite the constitutive association, STAT3 

signalling could only be induced by addition of ligand or by specific 

conformations of high affinity complementation (Figure 4-11). This observation 

indicated that receptor activation is not driven by dimerisation alone and that a 

further ligand induced conformational change is most likely necessary for 

activation of the receptor.  

A universal model for cytokine receptor activation remains controversial; many 

publications have reported that cytokine receptor subunits associate in the 

absence of ligand (Couturier and Jockers, 2003; Krause et al., 2013; Livnah et 

al., 1999; Lu et al., 2006; Malka et al., 2008; Pillet et al., 2010; Tenhumberg et 

al., 2006). In addition, detailed studies have investigated the specific 

mechanisms of the subsequent conformational change necessary for activation, 

demonstrating that dimerization alone is not sufficient to induce signalling 

(Brooks et al., 2014; Pillet et al., 2010). Importantly, many of these studies 

include evidence from experiments conducted at physiologically relevant 

receptor expression levels (Couturier and Jockers, 2003; Pillet et al., 2010; 

Tenhumberg et al., 2006). In parallel several studies using single molecule 

imaging techniques have reported convincing evidence that cytokine receptor 

subunits are induced to dimerise and signal through the addition of ligand 

(Gandhi et al., 2014; Moraga et al., 2015b, 2015a; Wilmes et al., 2015). There 

may not be a single shared mechanism for cytokine receptor activation, meaning 

some of the disagreement may be due to differential mechanisms between 

receptors. However, there are notable examples such as the growth hormone 

receptor, in which persuasive evidence for both ligand induced dimerization 

(Wilmes et al., 2020) and ligand induced conformational change have been 

reported (Brooks et al., 2014). 

In this study, the major limitation of the approach used is the transient 

transfection based HEK293T overexpression system. The system was essential 

as it allowed a versatile platform to perform a wide variety of experiments under 

analogous conditions together with a greater recapitulation of the in vivo 

environment of the receptor, when compared to previous purified protein 
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methodologies (Bloch et al., 2018). However, some crucial factors were not re-

capitulated in this system. The first is equivalent expression levels of relevant 

pathway genes as those in disease states and the second is the endogenous 

expression level of IL23R and IL12Rβ1 themselves. In particular, the effect of 

C-terminally associated JAK proteins on cytokine receptor association and 

activation, is an important aspect of IL-23 receptor biology that needs further 

study. The findings here could be built on by repetition of the experiments in 

JAK knock out, mutant and overexpressing cell lines.  

In an ideal assay system, the association and activation of the IL-23 receptor 

would be tested in various types of primary immune cells under endogenous 

promoter-driven expression. The overexpression system in the present study 

likely leads to a higher expression of IL-23 receptor components than that seen 

in endogenous cell types, although this is difficult to quantify without reported 

levels of IL-23 receptor component expression. In the membrane, where 

diffusion is limited to a 2D plane, overexpression could plausibly lead to a shift 

towards dimerization in any equilibrium between monomer and dimer that exists 

endogenously. For this reason, the results presented here should not be construed 

as direct evidence that the IL-23 receptor is found purely as a dimer under in 

vivo conditions. Despite this the study presents compelling evidence that the IL-

23 receptor can associate to form a complex that is only activated after the 

addition of ligand. Furthermore, this ligand induced activation causes a change 

in the positions of the N-terminal domains of the receptor and can be 

synthetically replicated by constraint of the N-terminal domains in specific 

conformations. This evidence strongly indicates that ligand induced 

conformational change is an integral part of the IL-23 receptor activation 

mechanism.  

The results outlined here lead to the suggestion of two possible IL-23 receptor 

activation mechanisms (outlined in Figure 6-1). In the first, IL23R and IL12Rβ1 

are constitutively associated in the membrane, IL-23 then binds and activates 

the receptor through conformational change. In the second, an equilibrium 

between monomers and dimers of IL23R and IL12Rβ1 exists under endogenous 

conditions, related to membrane concentration and inter-receptor chain affinity. 

This equilibrium is then shifted towards complex formation by the binding of 
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IL-23, but the final activation is dependent on a conformational change in the 

receptor heteromer. There are several plausible reasons as to why the second 

explanation could be evolutionarily advantageous; firstly under low ligand 

concentrations the initial equilibrium provides a further stage of regulation 

through which a threshold of expression must be reached before the high affinity 

binding site is formed, but under high ligand concentrations and low expression 

levels, ligand induced dimerisation could be instigated through the binding of 

medium and low affinity binding sites on IL12Rβ1 and IL23R respectively. 

Secondly, as shown by the success of anti-IL-23 therapeutics in treating auto-

inflammatory diseases, aberrant IL-23 signalling can be highly pathogenic. By 

requiring a final ligand induced conformational change for activation, 

unintentional signalling events caused by random collisions of receptor subunits 

can be avoided. Finally, an equilibrium between unliganded IL23R and IL12Rβ1 

would allow rapid switching of receptor chains between different cytokine 

receptor complexes, for example formation of IL-12 receptor complexes through 

association with IL12Rβ2.  

  



194 

 

 

Figure 6-1: A schematic summarising the probable mechanisms of IL-23 receptor 

activation. (A) (Left) Ligand induced dimerisation in which IL-23 first binds to IL23R and then 

recruits IL12Rβ1 to induce signalling by dimerisation. This is unlikely as in this thesis it is 

demonstrated that dimerisation alone is not sufficient for receptor activation. (Centre) Ligand 

induced conformational change in which the receptor is always pre-formed and ligand binding 

induces signalling. This is consistent with the results of this thesis, however because endogenous 

levels of expression were not used, the existence of a further equilibrium between monomers 
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and complexes cannot be ruled out. (Right) Ligand induced conformational change with an 

equilibrium between monomers and complexes that is related to the membrane concentration 

and affinity of the receptor components. Black triangles outline possible implications of this 

model, namely that higher expression may make the cells more sensitive to IL-23 by producing 

more high affinity binding sites and high concentrations of IL-23 could potentially increase the 

response of low expressing cells by engaging low affinity binding sites on IL23R and IL12Rβ1. 

(B) A reaction scheme demonstrating the hypothesis of receptor activation discussed in the right 

side of (A). 

To fully test the hypotheses set forward here it will be vital to measure cytokine 

receptors under endogenous promoter-driven expression. Current single 

molecule imaging studies have focussed on minimal expression systems to aid 

resolution of individual complexes (Moraga et al., 2015a; Wilmes et al., 2020), 

and proximity-based technique studies (such as the one outlined in this work) 

have used over-expression due to the ease of introduction of tagged constructs 

(Brooks et al., 2014; Krause et al., 2013; Malka et al., 2008). A useful next step 

in the study of IL-23 receptor activation would be to conduct single molecule 

imaging studies (such as TIRF-M or FCS) and proximity-based techniques (such 

as those outlined in this study) on endogenously expressed proteins using either 

a tag introduced at the endogenous locus through CRISPR or by labelling 

untagged protein with a fluorescent nanobody or peptide, as has been reported 

for GPCRs (Soave et al., 2021). This approach, whilst more time intensive, 

would give a more complete answer as to the true ligand binding and activation 

mechanism.  

In the final part of this study the techniques developed to probe the association 

and activation of the IL-23 receptor were applied to the characterisation of 

receptor antagonists and disease relevant mutants. The IL-23 cytokine is a vital 

drug target for the treatment of several auto-inflammatory diseases and there is 

a strong industrial focus on the pathway due to the commercial success of 

Ustekinumab (the 7th highest selling drug in 2021; Chyuan and Lai, 2020; 

Urquhart, 2021). This has led to the development of a new generation of receptor 

antagonists specific to IL23R, which could improve upon the current antibody 

based therapies (Bourne et al., 2017; Kong et al., 2020; Kuchař et al., 2014; 

Pandya et al., 2020; Quiniou et al., 2014). The successful development and 

licencing of such an antagonist could serve as a blueprint for further cytokine 
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receptor specific treatments, much as the initial success of biologic drugs such 

as infliximab accelerated the development of the field (Lu et al., 2020). There 

are, however, significant hurdles to establishing such as receptor antagonist, 

chief amongst these are the lack of knowledge on the pharmacology of cytokine 

receptors and the predicted poor tractability for small molecules (Wilson and 

Arkin, 2010).  

To aid the pharmacological characterisation of the IL-23 receptor, this study 

demonstrated that a fluorescent probe competition assay, equivalent to those 

described for highly characterised GPCR targets (Soave et al., 2020c), could be 

conducted at a cytokine receptor using competition with both labelled IL-23 

(IL23-TMR) and a novel fluorescently tagged peptide that bound to the IL-

23:IL23R interface (P630-TMR). Remarkably whilst the affinity of IL23-TMR 

was modulated by over 8000-fold by the presence of IL12Rβ1, the affinity of 

P630-TMR was unchanged by the presence of the co-receptor. Similarly, whilst 

the association and dissociation kinetics of IL23-TMR were relatively slow 

leading to IL23-TMR having a residence time of 20.3 min at the receptor and 

36.8 min at binary complexes, the kinetics of P630-TMR were comparatively 

quick with a residence time of just 39.7 s at IL23R. A key limitation of the 

characterisation of these probes was the poor availability of commercial test 

compounds, with each competitor having to be custom synthesised. To 

compensate for this, suspected endogenously produced antagonists of IL-23 

signalling were tested, demonstrating that IL-12, IL12p80 and IL12p40 all 

compete with IL23-TMR for the IL-23 receptor.  

Previously reported peptide antagonists of the IL-23 receptor have been 

characterised using downstream assays such as transducer phosphorylation or 

purified protein assays such as SPR or ELISA (Bourne et al., 2017; Kong et al., 

2020; Kuchař et al., 2014; Pandya et al., 2020; Varghese et al., 2020). The 

NanoBRET competition assays described here are more specific than the 

downstream inhibition assays and more biologically relevant than the purified 

protein approaches previously applied. The assay platforms outlined here enable 

a validated route to screen and characterise novel antagonists. The assays also 

enable the quantification of the interaction between IL23R and IL12Rβ1. 

Indeed, it was shown that HT-IL12Rβ1 could competitively displace LgBit-
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IL12Rβ1 from SmBit-IL23R in a ligand independent manner. This observation 

raises the possibility that therapies that allosterically disrupt IL-23 signalling by 

preventing IL23R and IL12Rβ1 association could be developed and that these 

could be tested in an analogous assay set up. 

Disease linked mutants of IL23R were also profiled using the assays generated 

in this project, allowing the identification of the mechanism of action of the 

C115Y IL23R mutation. This could have implications for patients who have 

immunodeficiencies caused by this variant, as the results indicate that whilst the 

mutation reduces surface expression, development of a chaperone treatment 

would be unlikely to restore functionality due to the additional disruption of IL-

23 binding caused by the mutation. Indeed, lowered surface expression alone 

may be beneficial, as it was shown that the IBD protective variant R381Q (Duerr 

et al., 2006) had lowered surface expression but maintained functionality. The 

lowered surface expression of R381Q is in agreement with literature reports that 

the mutation leads to impaired recycling and increased degradation of the 

receptor (Sun et al., 2020). 

Despite the IL-23 receptor being a well-validated drug target for auto-

inflammatory disease, at the beginning of this project the mechanisms of ligand 

binding and activation were unclear and there were limited tools to study the 

receptor in live cells. This study measured the binding affinity of IL-23 for its 

receptor components expressed on living cells for the first time and revealed that 

receptor components associated before ligand engagement to form a high 

affinity binding site. Further work demonstrated that IL-23 engagement led to a 

conformational change in the N-terminal regions of the receptor and that this 

could be synthetically reproduced through high affinity crosslinking in specific 

conformations. Finally, the tools developed were applied to characterise disease 

linked mutants and reported receptor antagonists, demonstrating that the 

immunodeficiency associated C115Y mutation abrogated ligand engagement. 

Several receptor antagonists were characterised and the competitive peptide 

P630 was developed into a fluorescent probe for the IL23R:IL23p19 interface 

to be used alongside IL23-TMR for the characterisation of further receptor 

antagonists. It is hoped that the work outlined here will be of use for the 
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development of further anti-inflammatory therapeutics targeting the IL-23 

pathway.   
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