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Abstract

Chemokine receptors, CXC chemokine receptor 1 (CXCR1) and CXC chemokine
receptor 2 (CXCR?2) play pivotal roles in various neutrophil-mediated inflammatory
diseases, including COPD, asthma, and psoriasis. Additionally, evidence is mounting
for the involvement of neutrophils and the CXCL8-CXCR1/2 axis in the progression
and metastasis in multiple cancers. Their role in multiple disease states has made them

an appealing candidate for therapeutic intervention for over a decade.

Much of the existing research of CXCR1 and CXCR?2 has centred on their interaction
with the endogenous chemokine CXCLS8 and the ensuing CXCL8-CXCR1/2 axis in
disease pathogenesis. However, despite promising preclinical evidence, challenges
persist in translating these findings into effective therapies, particularly with
intracellular allosteric binding site antagonists such as navarixin (2) and AZD5069 (3).
The recent setbacks faced by these small molecules in phase II trials underscore the
need for a comprehensive evaluation of the clinical effectiveness of CXCR1 and
CXCR2 antagonists in inflammatory diseases. Additionally, emerging evidence points
to distinct roles played by CXCR1 and CXCR?2 in disease progression, particularly in
cancer. To further evaluate the therapeutic potential of antagonists targeting CXCR1
and CXCR2, the use of pharmacological tool compounds is proposed to elucidate the

intricate signalling pathways leading to their effects.

The recent publication of the CXCR?2 crystal structure bound to NAM 00767013 (1)
provides a promising foundation for the computer-aided design of intracellular
allosteric antagonists. Leveraging this structural insight offers a valuable opportunity

to develop novel therapeutics targeting CXCR2 and the closely related CXCRI.

This thesis reports the design, synthesis and pharmacological characterisation of a
series of novel compounds belonging to the 3,4-diamino-3-cyclobutene-1,2-dione
class of NAMs as part of an structure activity relationship study to further explore the
chemical space around lead compound, navarixin (2) and providing evidence for
modifications towards achieving dual CXCRI/CXCR2 activity, and potentially
leading to CXCRI selectivity over CXCR2, which could be prove useful in further

studies of these receptors.
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Chapter 1 - General introduction

1.1 Chemokines

Chemokines are a family of signalling proteins belonging to the larger family of
cytokines and govern a wide range of biological functions, including the innate
immune res ponse of cells.!> Chemokines are small 8-12 kDa proteins with variable
sequence identity (20-90 %), however their sequences and tertiary structure are highly
conserved.?? Chemokines are produced by various cell types, including neutrophils
(alternatively named polymorphonuclear leukocytes (PMNs)), macrophages,
endothelial cells, and fibroblasts.!*> Chemokines are categorized based on the
configuration of the first two cysteine residues (starting from the N-terminus), which
form disulphide bridges.® These categories are C, CC, CXC, and CX3C, with the CC
and CXC families containing the most members. Representations of the various types
of chemokines are depicted in Figure 1-1. In the CC chemokines, the cysteines are
positioned adjacent to one another. In the C-X-C motif, the two cysteine residues are
separated by a single amino acid, while in the C-X3-C family, the cysteines are
separated by three amino acids. The C chemokine subfamily is unique as its members
only contains two cysteines across the sequence, forming a disulphide bridge.>* CXC
chemokines are further distinguished by the presence or absence of the ELR (glutamic
acid-leucine-arginine) motif near the N-terminus. The presence of the ELR motif
specifically correlates with potent neutrophil chemoattraction, crucial for early host
defence response to inflammation. Additionally, ELR* chemokines play a role in
angiogenesis, which is important for tissue repair.>”’ The ELR" sub-family consists of
CXC chemokine ligand (CXCL)1-3, and CXCL5-8.%7 ELR" chemokines, such as
CXCL4, CXCL9 and CXCLI10, lack the ELR motif, and are generally considered
angiostatic. They are responsible for facilitating lymphocyte and monocyte

recruitment, but typically not neutrophils.
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Figure 1-1 Depiction of the different classifications of chemokine ligands, C, CC,
CXC, CX3C. Classification based on the motif between two cysteines that form
disulphide bonds The CXC chemokines can be further categorised in to ELR" or ELR",

depending on the presence of an ELR motif at the N-terminus (purple box).

The first chemokine discovered by Oppenheim ef al.® was CXCL8, also known as
interleukin-8 (IL-8), belonging to the ELR* CXC chemokine ligand family. These are
Secreted by various cell types, including macrophages, endothelial cells, and epithelial
cells, CXCLS is a key component of the inflammatory response. As a typical ELR+
chemokine, CXCLS plays a pivotal role in recruiting and activating neutrophils during
the early stages of inflammation.®? It is a proinflammatory chemokine and is typically
undetectable in non-stimulated cells. Expression of CXCL8 is stimulated by cytokines
like interleukin-1 and interleukin-6, as well as other environmental stresses such as
hypoxia, inflammatory signals, tumour necrosis factor (TNFa), or the presence of
bacterial species. The combination of these stimuli and signalling pathways leading to

CXCLS transcription results in its upregulation in the extracellular space.'®



1.1.1 The role of chemokines in inflammation

Inflammation is a critical component of the immune response and begins with the
recruitment and activation of neutrophils, which are the most abundant type of white
blood cells, typically constituting of 50-70% of all leukocytes in humans.!!:1?
Neutrophils play a pivotal role in the innate immune system, the body's first line of
defence against pathogens (Figure 1-2). At the forefront of this response is CXCL8
and its cognate receptors, CXCR1 and CXCR2. Neutrophils express high levels of
CXCR1 and CXCR2, enabling them to respond to inflammatory signals such as
infection or tissue damage.!**> CXCLS8 is predominantly expressed at sites of infection
or inflammation, acting as a potent chemoattractant for neutrophils. Upon
encountering CXCLS, neutrophils undergo chemotaxis, directed migration towards
the source of the chemokine.!%!3-1> Moreover, CXCLS serves as a critical mediator in
the activation of neutrophils. Binding of CXCL8 to CXCRI1 and CXCR2 triggers
intracellular signalling cascades that lead to the release of stored granules containing
antimicrobial peptides and enzymes, as well as the formation of neutrophil
extracellular traps (NETs). These NETs consist of chromatin and proteases that trap

and neutralize pathogens, contributing to the host's defence against infection.!6-!7
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Figure 1-2 Roles of neutrophils during inflammation. (A) NET formation which can
trap and kill pathogens extracellularly, preventing their spread. (B) Degranulation.
Neutrophils release chemotactic species such as chemokine CXCLS8, which can attract
immune cells such as macrophages to the site of inflammation. Additionally, the
release of chemotactic species can promote further amplification of the inflammatory
signals. (C) Pathogen recognition and phagocytosis. Once engulfed, the production of

ROS contributes to the destruction of the pathogen. Created with Biorender.

Under normal conditions, neutrophils are activated to perform phagocytosis in
response to the detection of microbes and other immune signals. CXCL8 enhances this
innate immune response by amplifying the neutrophils' phagocytic response. While
phagocytosis can occur independently, CXCLS8-induced activation amplifies this
response. Additionally, CXCL8 boosts the production of reactive oxygen species
(ROS) through oxidative burst, further strengthening the antimicrobial capacity of
neutrophils.'®!® This process involves the activation of NADPH oxidase, leading to
the production of superoxide anions(O?), which play a crucial role in microbial killing

within the cell.!%2%2! The coordinated actions of CXCL8 and its receptors, CXCR1



and CXCR2, on neutrophils are vital for the initiation and regulation of the innate

immune response against infections.

1.2 CXC chemokine receptors

1.2.1 Introduction to G protein-coupled receptors (GPCRs)

In 1994, Alfred Gilman and Martin Rodbell shared the Nobel prize in Physiology or
Medicine for the discovery of G proteins and the role of these proteins in signal
transduction in cells.?> Rodbell and his team initially hypothesised the existence and
role of guanine nucleotides for the activation of some proteins in 1971, followed by
Gilman’s work between 1778 and 1985, proving the existence of G proteins and their
role in GPCR signalling. Their work revolutionised our understanding for the GPCR

superfamily of proteins.?3

Recent reviews have summarised the impact of GPCRs in modern drug discovery,
with over 480 FDA-approved drugs that target GPCRs. This accounts for around 34%
of all approved drugs and ~27% of the global pharmaceutical market.?%?” A further
321 are currently in clinical trials and projections suggest that this research area is a
still rapidly growing and shows no sign of slowing down.?%?” GPCRs with FDA-
approved drugs or have clinical trial candidates are summarised in Figure 1-3. Despite
the number of drugs on the market, they target a minority of non-olfactory GPCRs in
the genome (approximately 40 — 50 of 400 distinct receptor proteins). In addition, the
function of ~140 GPCRs (often termed orphan GPCRs) is yet to be fully elucidated.?®
GPCR-targeted drugs on the market predominantly consist of traditional small
molecule drugs (92%), although more recent advances in the area have shown that
biological modalities such as monoclonal antibodies can be used to generate GPCR

28-31

drugs.
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Figure 1-3 GPCR Class and Families Drug Target Map. Red circles indicate receptors
with identified drugs on the market, while green circles denote receptors with drug
compounds in clinical trials. Circle size correlates with the number of agents. Image

generated using GPCRdb.>?

A common method of GPCR classification was first introduced by Kolakowski et al.*
and divides GPCRs into seven families (A,B,C,D,E,F and O), based on sequence
similarity.®? This system has been updated for the current G protein coupled receptor
database (GPCRdb) website by Munk et al.** and, later, class T (Taste 2) receptors
were added to the classification, which were previously classified along with the F
class of GPCRs The GPCRdb classifications are summarised in Table 1-1. An
alternative established classification is the GRAFS classification, which comprises of
the five GPCR families found in humans Glutamate, Rhodopsin, Adhesion, Frizzled

and Secretin.?’



Table 1-1 Classification of GPCRs according to the GPCRdb. Included is the number

of'identified human members in each class and examples of drugged receptors for each

class
GPCRdb Note Number of Prominent Drugged
Classification* Human Members Examples
Includes 390 olfactory CXCR4, CC chemokine
A and 5 vomeronasal 689
receptor 5 (CCRYS)
receptors
B Further classified into 43 Glutamate receptor
B1 and B2 (GLR)
N t itt

Includes 3 Taste 1 euro rar.lsml er‘

C —— 22 gamma-aminobutyric
P acid (GABA) receptors
b Fungal mating 0
pheromone receptors

E cAMP receptors 0 -
F None 11 Smoothed (SMO)

Previously grouped
T with Class F but later 25 None

renamed

7TM receptors not

0 belonging in any of the 6 GPR35

other defined families
(orphan)



1.2.2 Structure and function of CXC chemokine receptors

Figure 1-4 depicts the typical architecture of class-A Rhodopsin GPCRs, which
includes CXCR1 and CXCR2. In this architecture, the membrane bound receptor
consists of a single polypeptide chain folded into seven distinct transmembrane (TM)
a-helices (referred to as TM1 to 7). The helices are connected by a series of
intracellular loops (ICL1-3) and extracellular loops (ECL1-3), which can differ
significantly in length and structure between receptors. Class A receptors also
commonly contain an amphipathic 8" helix (H8) following the conserved NPxxY
motif of TM7, towards the C-terminus.*® Notably, whilst GPCRs share the highest
structural homology in their transmembrane helical bundles, significant variations

exist in their N/C-termini and loop regions.?”-*%

NH;

Transmembrane
.#’a-helices
Extracellular !

o

000000000
Intracellular

G protein
(a, B and y subunits)

Figure 1-4 General structure of a GPCR showing the 7 transmembrane a-helices and

the three subunits of the heterotrimeric G protein when bound to the C-terminus.

Adapted from Tikhonova et al.’® Created with BioRender.com

Class A GPCRs employ the Ballesteros-Weinstein numbering system, assigning two
digits (in superscript) to each amino acid residue based on its position in the receptor.*’
The initial digit represents the helix number (1-8), while the subsequent digit denotes
the residue's location relative to the most conserved residue, often identified as number

50. For example, 3.42 signifies a residue found in TM3, positioned eight residues

8



before the most conserved residue, Ala3>°, This numbering convention extends to loop
regions, where residues are numbered relative to the most conserved residues within
those loops. However, variations may occur due to differences in conserved residues,

especially in loop regions, potentially complicating the numbering process.*!

In addition to the structural components of the receptor itself, signalling of CXC
chemokine receptors involves interaction with an intracellular G protein
partner/effector. Upon ligand binding, conformational changes in the receptor triggers
the activation of G proteins, which are heterotrimeric complexes consisting of a, 3,
and y subunits.** The four major classes of G proteins are categorized based on their o
subunit: Gs (stimulatory), Gi (inhibitory), Gq (phospholipase C-activating), and Gi2/13
(Rho-activating). These classes trigger specific downstream signalling pathways,
including cAMP production, inhibition of cAMP production, activation of
phospholipase C, and activation of Rho GTPases, respectively.*** The Go. subunit
contains a nucleotide-binding pocket between Ras-like and a-helical domains that, in

the inactive state, are bound to guanosine diphosphate (GDP) and the GBy subunit.*

The ability of a GPCR to transduce signals from the extracellular to the intracellular
region relies on its dynamic ability to undergo conformational changes. The
conformations adopted by the receptor refer to the three-dimensional arrangement of
atoms in the protein.* GPCRs can change their conformational state spontaneously,
even in the absence of bound ligands or environmental changes.***’” Conformational
changes are crucial for transitioning between conformational states such as unbound,
active, and inactive. When bound to a diverse range of endogenous ligands, including
ions, small molecules, peptides, and large proteins, can stabilize specific
conformations thereby increasing the timescale which one conformational state is
adopted. For example, the binding of CXCLS to its native receptors CXCR1/2 will

stabilise the active conformation increasing the population of active-state receptor.*4¢

1.2.3 CXCR1/2 ligand binding and signal transduction

For Class A GPCRs, there exists a wide variety of orthosteric ligand binding sites in
the TM bundle. These sites accommodate different types of ligands, including small
molecules such as adrenaline, acetylcholine, dopamine, and prostaglandins, which

bind within the TM bundle.**-3 Peptides, on the other hand, engage extracellular loop

9



regions as well as TMs, while larger peptides like chemokines interact with both the

N-terminus and extracellular loop regions.?

Chemokines binding to their receptors, such as CXCL8 binding to CXCR1 and
CXCR2 can be described by two-step process (Figure 1-5). Initially, the chemokine
interacts with the N-loop and nearby regions, termed chemokine site 1 (CS1), engaging
with the N-terminal residues and ECLs of the receptor, defined as chemokine receptor
site 1 (CRS1).>*3¢ This interaction, dominated by ionic interactions, sets the stage for
binding without triggering receptor activation. Following this, in the second step, the
flexible N-terminal domain (including ELR motif for ELR* chemokines) and the 30s
loops of the chemokine, known as chemokine site 2 (CS2), aligns with a second site
on the receptor, chemokine receptor siter 2 (CRS2), which is located within TM bundle
and ECL2 of the receptor.>®>” This two-step model, proposed as a general mechanism
for chemokine-receptor interactions, suggests that the initial interaction at CRS1
facilitates binding, while the subsequent interaction at CRS2 initiates receptor
activation and signalling.>*>%>7 However, recent studies have shown that both CRS1

and CRS2 domains contribute to binding interactions, complicating the simplistic view

of this two-step model.>*>>>7
. @ Chemokine
CRS1
CRS2

Figure 1-5 The two-step binding of a chemokine to its receptor. In the first step the
chemokine interacts with its N-loop region to the N-terminal of the receptors (CRS1).
Then, the N-terminal of the chemokine interacts with the TM bundle and ECL2
(CRS2). Created with BioRender.com.

Despite the diversity in orthosteric binding sites, class A GPCRs share a conserved
mechanism of activation. Agonists binding to these receptors induce a 'rotational

toggle switch' movement of the TM helices, particularly TM3 and TM6, resulting in

10



an outward movement and rotation of their cytoplasmic ends.**#7%% This
conformational change alters the positions of the helices on the cytoplasmic face and
affects the conformation of intracellular loops such as ICL3, exposing binding sites
that can be recognized by G proteins.® Once a G protein binds to the activated
receptor, the receptor acts as a guanine nucleotide exchange factor for the Ga subunit
of the heterotrimeric G protein.*®*%° This promotes the release of GDP and the binding
of GTP to the Ga subunit, initiating the G protein cycle and downstream signalling

cascades.

Upon activation, the active state conformation of the receptor is stabilised, leading to
the activation of the corresponding effector molecule.? The activation of GPCRs can
mediate signalling via G proteins or G protein-independent pathways via arrestin
recruitment.’® Due to their importance, much interest has been given to the
determination of GPCR-G protein complexes, and several have been determined since
Rasmussen ef al.%! in 2011, including recent examples of utilising time resolved cryo-
EM techniques for visualising the dynamic events driving G protein activation

following GTP binding.®°
1.2.4 G protein signalling pathway

Activation of the G protein proceeds through a nucleotide exchange on the surface of
the G protein, replacing the bound GDP with guanosine triphosphate (GTP) on the a-
subunit. The G protein then dissociates into the monomeric a-subunit and the dimeric

By complex. These effectors then activate further secondary messenger pathways.

Figure 1-6 depicts the general activation of the G protein pathway. C-terminal
conformational changes in the Ga subunit follow its binding to an activated receptor
protein (R"), facilitating GDP release and GTP interchange.®?> Specifically, this
rearrangement occurs in the a-5 helix, which is the interface site of G protein-GPCR
interactions in CXCR1/2.>*3% Further related studies into G protein structural and
mechanistic relationships have painted a more representative view of the activation

42,63

and deactivation.*~*> Go undergoes a conformational exchange between three distinct

states: GDP-bound (inactive), GTP-bound (active) and nucleotide-free (receptor

)'42

coupled).** These states change from one to another via a conformational change at

structurally distinct sites linked by weak allosteric coupling.®* This includes the motion
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of the a5 helix, nucleotide binding site opening, and changes in the Gf/effector binding
loop.*>? Activation of the G protein is terminated by the hydrolysis of GTP back to
GDP on the a-subunit surface, followed by subsequent reassociation with the Py

complex allowing reassociation with the inactive GPCR.

® ~

- B

GTP hydrolyses
to GDP

Figure 1-6 Activation of the G protein signalling pathway. From left to right: Ligand
interacts through two step binding mode, stabilising the active, G protein conformation
and mediating interactions with the G protein. Once bound, the G protein acts as a
guanine nucleotide exchange factor allowing the exchange of GDP for GTP on the G
protein a-subunit. This is followed by dissociation of the G protein into two species,
the o and By subunits. Following activation, each subunit of the G protein proceeds to
mediate various downstream signalling pathways. The Ga subunit, upon hydrolysing
GTP to GDP through its intrinsic GTPase activity, facilitates the reassembly of the
Ga-GDP complex with the By subunit. Subsequently, the dissociation of the ligand
from the G protein-coupled receptor (GPCR) triggers a conformational change,
returning both the GPCR and the G protein to their inactive states. This process
effectively terminates the signal transduction initiated by the activated receptor.

Created with BioRender.com

CXCRI and 2 predominantly act through the G;j class of G proteins, which govern the
pro-inflammatory effects of chemoattractant effectors and being of most importance
to neutrophils.®> Neutrophil activation through CXCR1/2 initiates a cascade of events
crucial for the immune response. This activation triggers essential processes such as
chemotaxis, adhesion, and transmigration, which direct neutrophils to the site of
inflammation. Moreover, G protein signalling stimulates an increase in ROS
production via the PI3K-Rac pathway and upregulates Ca** via PLC-B, contributing
to the immune response.!>%6-6° ROS serve as potent antimicrobial agents, aiding in the

68,69

destruction of invading pathogens. By generating ROS, neutrophils enhance their
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ability to neutralize pathogens and contribute to the clearance of infections.!>68

Elevated intracellular Ca** levels play multifaceted roles in the immune response.!%!3
Ca?" signalling facilitates processes such as phagocytosis, degranulation, and cytokine
production in neutrophils. It regulates the cytoskeletal rearrangements necessary for
migration and phagocytosis, ensuring efficient pathogen engulfment and destruction.
Furthermore, Ca?" influx triggers the activation of various signalling pathways
involved in the release of inflammatory mediators, amplifying the immune

response.!%-1570

Whilst CXCR1/2 are mainly associated with CXCLS8 binding, other chemokines are
known to interact with these receptors. While both CXCR1 and CXCR2 primarily bind
to CXCLS, they also bind to other ELR" chemokines. CXCR1 exhibits a more limited
binding profile, interacting primarily with CXCL8 and, to a lesser degree, CXCL6. In
contrast, CXCR2 interacts with a broader range of chemokines, including CXCL1-3
and CXCL5-8 (Figure 1-7).”'7% The differences in endogenous agonist binding can
be attributed to variances in the amino acid sequence within the N-terminus of the
receptors, which determines ligand binding specificity, despite their relatively high
sequence similarity of 77%.7! Variations in the binding affinity of agonists to receptors
may result in biased agonism, wherein different ligands induce distinct conformational
changes in the receptor.”*’” These alterations can lead to the preferential activation of
specific intracellular signalling pathways over others, ultimately resulting in diverse
cellular responses. Boon et al’® demonstrated signalling bias upon CXCR2
stimulation by its chemokine ligands. Although no bias was identified within G protein
or B-arrestin subtype activation, a distinct ligand bias favouring G protein activation

over B-arrestin recruitment was associated with CXCL1-3 and CXCL5-7 activation.”

13



Chemokine

Chemokine receptor

Chemokine Chemokine receptor

CXCL6 ccL2
CXCLS8 CXCR1 ccLi3
CXCL1 cCL7

cXCL2 ccLs CCR2
CXCL3 CXCR2 CCL16
CXCL5 cCL3
CXCL7 CCL3L1

CXCL9 ccL4 CCR5
CXCL10 CXCR3 CCL5

CXCL11 ACKR3 CcCL14 CCR1
CXCL12 CXCR4 CCL15

CXCL13 CXCRS5 CcCL23 CCR3
CXCL16 CXCR6 CCLM
CXCL14 Unknown CCL24
CXCL17 Unknown CCL26

CX3CL1 CX3CR1
XCLA1 cCL28
XoL2 = XCR1 coLo7 CCR10

CCL17

Many CXC and CC ACKR1 coLze —— CCRd

Many CC ACKR2 CCL20 ——— CCR6

Some CC and CXC ACKR4 CCL19 ACKR5

CCL21 X CCR7

CCL1 ——— CCR8

CCL25 CCR9

CCL18 Unknown

Figure 1-7 Overview of chemokines and their receptors. Inflammatory chemokines
and their receptors are indicated in red. Immune chemokines (homeostatic/dual
chemokines) are indicated in blue. Atypical chemokine receptors are indicated in
green. Chemokines with unknown receptors are indicated in purple. Image taken from

Yoshie et al.”®

The signalling processes and secondary messengers associated with Gao; G proteins in
neutrophils are depicted in Figure 1-8. The Go; subunit is associated with inhibition
of'adenylyl cyclase activity, and consequently a decrease in cellular cAMP levels. This
reduction in cAMP production leads to the attenuation of downstream signalling
pathways, which are regulated by cAMP-dependent protein kinase A (PKA). In
neutrophils, this attenuation of PKA activity is particularly crucial during the
inflammatory response. Elevated cAMP and PKA activity serve to suppress key
cellular processes involved in neutrophil activation, including chemotaxis,

phagocytosis, and the release of inflammatory mediators.”-8!
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Figure 1-8 Overview of the signal transduction for G; chemokine G protein coupled
receptors. Ga; activation inhibits the adenylyl cyclase activity, reducing cyclic AMP
(cAMP) production. The By-subunit independently activates the phosphoinositide 3-
kinases (PI3K), phospholipase C (PLC) pathways in CXCR1 and CXCR2, along with
phospholipase D (PLD) pathway in CXCRI1. Created with BioRender.com

After dissociation from the Go; subunit, GPy activates several pathways associated
with neutrophil driven inflammatory response. The most notable pathways for
neutrophil function are the Phospholipase C (PLC) and phosphoinositide 3-kinases
(PI3Ks).!3% PI3K catalyses the conversion of phosphatidylinositol 4,5-bisphosphate
(PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3), which leads to protein
kinase B (AKT) activation.®?> The PLC pathway catalyses the conversion of PIP, to
inositol triphosphate (IP3) and diacylglycerol (DAG). This triggers Ca?" release from
endoplasmic reticulum (ER) stores and an increase in cytosolic Ca?" levels. Ca** plays
a vital role in neutrophil processes, including migration, neutrophil degranulation, and

cytokine production.”8283
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Despite CXCR1 and CXCR?2 signalling through similar pathways for cell migration
and granule release in neutrophils, CXCR1 is exclusively associated with
phospholipase D (PLD) activation.! When activated, phospholipase D (PLD) triggers
a cascade of events leading to the activation of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase. This enzyme complex catalyses the conversion of
molecular oxygen (O?) into superoxide anions (O*) to produce ROS during a process
known as the oxidative burst.** The oxidative burst is a vital antimicrobial mechanism
utilized by neutrophils to combat pathogens.!®833¢ In the context of CXCRI, it has
been demonstrated that CXCL8-mediated signalling through CXCR1 is essential for
initiating and sustaining the oxidative burst in neutrophils. This suggests that CXCR1
activation by CXCLS is a key determinant in triggering the production of ROS and
subsequent oxidative burst, thereby enhancing the antimicrobial activity of

neutrophils. %%

1.2.5 B-arrestinl/2 signalling pathway

Chemokine receptors, like other GPCRs, also activate G protein-independent
pathways such as the arrestin pathway, important for receptor internalisation and
desensitisation.?’?? Receptors undergo a basal level of degradation and internalisation;
however, binding of a ligand can enhance internalisation (ligand-induced
internalisation). Figure 1-9 depicts (-arrestinl/2-mediated internalisation of CXCR1
and 2. This mechanism begins with ligand binding that induces the phosphorylation of
serine and threonine residues by GPCR kinases (GRKS).!% There is currently no
consensus on where phosphorylation occurs in CXCR1 and 2. Some papers describe
phosphorylation occurring on the C-terminus and ICLs®!, whereas others describe only
C-terminus phosphorylation.®*? Phosphorylation leads to B-arrestinl/2 recruitment to
the agonist occupied and activated receptor, resulting in the uncoupling of the G
protein and hindering further G protein interaction and subsequent G protein-mediated
signalling. Arrestin acts as a scaffold for clathrin and p-2-adaptin-mediated

86.89.93 1t has been shown that

endocytosis, leading to internalisation of the receptor.
CXCR2 also undergoes heterologous desensitisation via cross-phosphorylation,
resulting in CXCLS desensitisation by other chemoattractant receptors, such as formyl

peptide receptor 1 (FPR1) and complement component 5a receptor (C5aR).%? After
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internalisation, receptor recycling can take place via mitogen-activated protein kinase
(MAPK) pathways, which results in subsequent reintegration into the plasma
membrane and resensitisation.!%!%%* Alternatively, sorting of receptor containing
endosomes to lysosomes can result in receptor protein degradation and long-term

downregulation of signalling.

fe a¥°
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Figure 1-9 Arrestin-mediated desensitization and internalization of CXCR1 and
CXCR2. Upon agonist binding, GPCR kinases (GRKs) phosphorylate specific serine
and threonine residues on the receptor. These phosphorylated residues serve as binding
sites for P-arrestin. Subsequently, B-arrestin facilitates the internalization of the
receptor through endocytosis. Following internalization, the receptor undergoes
dephosphorylation, leading to its recycling and resensitization, allowing it to respond

to subsequent agonist binding events. Created with BioRender.com

The internalization dynamics of CXCR1 and CXCR2 present intriguing differences
that may underscore their distinct regulatory mechanisms upon agonist binding.

Internalisation of CXCR2 occurs at faster rates and at lower agonist concentrations
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compared to CXCRI1, suggesting that the regulation of the receptors differ in an

agonist dependent fashion.'0-8%95

1.3 Allosteric modulation of GPCRs

The conventional approach in targeting GPCRs therapeutically involves occupying
and engaging the orthosteric binding site, which is where endogenous GPCR ligands
naturally bind.?’® These drugs can either activate the receptor (agonists, partial
agonists), inhibit its activation (antagonists), or induce an opposite functional response
(inverse agonists). While a significant portion of marketed GPCR-targeted drugs
operate through this mechanism, designing orthosteric ligands that are both safe and
effective under diverse biological conditions presents notable challenges for
chemokine receptors.”®”” One of the challenges associated with targeting the
endogenous binding sites for receptor activity modulation is the inherent competition
with the endogenous ligand in physiological conditions.”® For peptide receptors, such
as CXCR1 and CXCR2, endogenous ligands exhibit high affinity for their respective
receptors, posing a significant obstacle to the design of exogenous ligands that can
effectively compete with them. This challenge is particularly pronounced in conditions
characterized by elevated levels of endogenous ligands, such as chemokines during
inflammation.”®® In these cases, designing ligands to achieve suitable efficacy for
meaningful therapeutic outcomes is even more challenging.”-1°! Another challenge
for designing ligands is target receptor specificity. Receptors across sub-family and
classes of GPCRs often have highly conserved orthosteric binding sites.”® Chemokine
receptors, for example, exhibit highly conserved binding sites that allow promiscuous
chemokines to bind. This is a key feature for chemoattractant receptors enabling the
intricate relationship between chemokines and activation of differential downstream
pathways (signal bias). The development of orthosteric ligands aimed at chemokine
receptors frequently results in off-target side effects, often leading to undesired
toxicity. These challenges stem from various factors, including the potential for
inducible off-target effects and compromised receptor selectivity due to the high
homology of orthosteric sites across the family. Additionally, targeting large and
diffuse orthosteric sites activated by peptides or proteins poses inherent
difficulties.?’?%% Allosteric ligands offer an alternative route for manipulation of

GPCR response that attempts to address challenges with orthosteric ligands. Allosteric
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ligands act through spatially and topographically distinct binding sites from the
endogenous ligand(s) which offer potential subtype selectivity and tunability of

receptor function (Figure 1-10).%6102
Orthosteric Allosteric
ligand ligand

<—> Affinity modulation
<«—— Efficacy modulation
<----- Allosteric agonism
<----- Orthosteric agonism

Response

Figure 1-10 Allosteric modulation of class A GPCRs. Orthosteric and allosteric
binding sites are topographically distinct sites within the receptor. Allosteric ligands
have the potential to modulate the affinity of orthosteric ligand (and vice versa) (green
arrow), the efficacy of the receptor (red arrow). Additionally, they may behave as
direct agonists or reverse agonists (purple arrow) independently of the orthosteric

ligand. Created in Biorender.

Allosteric ligands offer multiple modes of action that can modulate the innate activity
of the receptor. Modulation of the receptor via an allosteric site, termed allosteric
modulation, can occur via a conformational change of the protein, which can alter the
affinity (and underlying association and/or dissociation rate) of endogenous ligands.
This highlights the cooperativity of allosteric and orthosteric ligand binding that can
occur, influencing the overall receptor activity in a dynamic and context-dependent
manner.””»1%® Allosteric ligands can also affect the efficacy of the orthosteric ligand
through modulation of the receptor’s conformational response to their binding. The
effect on the orthosteric agonist receptor response can be categorized as positive
(PAM), negative (NAM), or silent allosteric modulation (SAM), depending on
whether it enhances, diminishes, or leaves unchanged the orthosteric agonist
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effect.!%2104 Direct effects on efficacy can also be exhibited by allosteric ligands,
termed intrinsic efficacy, via the alteration of downstream signalling in either positive
(agonism) or negative (inverse agonism) manner. Understanding of allosteric
modulation offers promising avenues for designing therapeutics with enhanced
specificity and efficacy in modulating therapeutically relevant GPCR signalling

pathways 27,103,104

1.3.1 Allosteric modulators as therapeutics

Allosteric modulators offer several advantages as potential therapeutics for targeting
GPCRs over orthosteric ligands.!%:1% The allosteric ligand's pharmacological effect,
while potentially significant, can be constrained by the presence of the orthosteric
ligand, thereby imposing a ceiling on the maximal allosteric effect. Unlike competitive
antagonists, which exhibit increased inhibition with rising concentrations, allosteric
modulation presents a ceiling to its influence on orthosteric responses. This enables
precise adjustment of effects, allowing for desired modulation without triggering
complete inhibition or activation of the orthosteric response. The degree of this ceiling
effect varies depending on the co-operativity between allosteric and orthosteric
ligands, as seen in cases like CXCR2 NAMs, which exhibit high negative co-

operativity with chemokines, resembling antagonists.!?7-108

This ceiling effect can be
advantageous in designing therapeutics targeting GPCRs, particularly in contexts

where overdose risks are prominent, such as opioid analgesics.?%193:19

Allosteric modulators offer the potential for sub-type selective ligands, presenting a
distinct advantage over orthosteric ligands. Typically, GPCRs can be activated by
multiple endogenous ligands, which can activate several receptors. An example of this
is the previously stated shared binding of CXCL8 to CXCR1 and CXCR2, and other
promiscuous chemokine ligands. Orthosteric binding sites must accommodate these
diverse ligands, generally leading to highly conserved regions across receptor
families.>!%7311% In contrast, allosteric sites typically lack endogenous ligands or have
only a few known ligands. Consequently, these sites may be less conserved, allowing
for the design of ligands with desirable high selectivity.!%1%%!111 Moreover, allosteric
ligands can achieve high selectivity through their cooperative action with specific

109,112

ligands. This potential selectivity is particularly appealing to drug discovery
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programs seeking highly specific therapeutic agents or modifications to ligands with

undesirable off-target effects.

Another advantage is the ability of allosteric ligands to specifically “tune” the
biological response of the receptors. By selectively modulating the receptor's response
to endogenous ligands, allosteric ligands can adjust signalling pathways to achieve
desired therapeutic outcomes.!9>196:113 This fine-tuning capability is particularly
advantageous in complex diseases where dysregulated receptor signalling contributes
to pathogenesis. Additionally, the ability to selectively target specific signalling
pathways or cellular responses offers opportunities for therapeutic intervention with
minimal disruption to normal physiological processes. The ability to modulate specific
signalling pathways has been demonstrated in the CXC chemokine receptor, CXCR3.
Bernat et al.!'* designed a series of boronic acid analogues acting on CXCR3 based
on molecular docking into homology models. One of these derivatives was reported
as the first reported biased NAM of CXCR3 displaying 24-fold selectivity acting upon
recruitment of [-arrestin2 over the G protein activation upon CXCLI11

stimulation. 105114

The cooperativity observed between allosteric and orthosteric ligands also raises
specific considerations when attempting to characterise these ligands in biological
assays. As the binding and efficacy of an allosteric ligand is dependent on the
orthosteric ligand, careful consideration must be given to the choice of ligand.!!!-!15-116
This is highlighted in the case of chemokines like CXCR1 and CXCR2 where there is
more than one endogenous agonist, and use of a single agonist does not always
adequately represent the efficacy of the allosteric ligand. In such cases, utilizing
multiple endogenous agonists becomes crucial for accurately characterizing the
modulatory effects.!%-!!5 Another consideration when characterising allosteric ligands
in different biological models is the potential for species variability in cooperativity
between the allosteric and orthosteric ligands. This may be highlighted when
transitioning between in vitro assays and animal models when the allosteric ligand is
characterised in human GPCR and in vivo animal models where the pharmacological
profile is not replicated due to the difference in cooperativity between the allosteric

and orthosteric ligands between species.!%
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1.3.2 Rational design of allosteric ligands

The first GPCR allosteric modulator approved for use was cinacalcet, in 2004 (sold
under Sensipar), for the treatment and management of secondary hyperparathyroidism
by targeting the calcium-sensing receptor (CasR).!%!17 Following this, several other
allosteric modulators targeting GPCRs have made it to market, including the selective

7.106,118 In a

CCRS5 antagonist, maraviroc (sold under Selzentry), approved in 200
review of known allosteric ligands conducted by van Westen et al.!' in 2014 it was
noted that allosteric modulators tend to be more lipophilic and have more constrained
structures compared to orthosteric ligands. Additionally, they exhibit relatively better
adherence to desirable physicochemical properties from an oral-formulation
perspective, which would allow for easier translation into a drug candidate. Their
review also corroborated some of the potential advantages of allosteric modulators.
They noted that allosteric ligands tend to be less promiscuous than orthosteric ligands,
which was previously stated to be beneficial for reducing off-target effects.!!” The
identification of the different physicochemical properties that exist between
orthosteric and allosteric ligands could help identify candidates that exhibit desirable

allosteric properties. Additionally, these properties could allow the creation of

classification models and predicative models for further ligand design.

Despite the interest in allosteric modulators in drug discovery, the rational design of
allosteric drugs has lagged, likely due to the incomplete understanding of the
intricacies involved with allosteric binding and activity. Several databases currently
exist that house data for allosteric ligands and allosteric binding pockets such as
allosteric database (ASD)!?°, ASBench!?!, and Kinase Atlas.!?> Additionally several
web server-based tools have been developed for rational allosteric ligand design, such
as AlloSite!? for prediction of allosteric binding sites and AlloFinder!?* for allosteric
modulator discovery.!?> These computational tools are one of the ways in which
rational allosteric ligand design have improved over the past decade however there are
still substantial limitations, such as access to experimental data, and technical
limitations. As previously described, the interplay between allosterism and receptor
activity is extremely complex and dynamic which are difficult to capture and interpret
in both experimental and in silico models.!!-12>12¢ The challenges faced in the rational

design of allosteric ligands has been reviewed extensively. However, there is a clear
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overlap is the need for higher quality protein receptor structures bound to ligands
relevant to the allosteric site of interest, particularly with GPCRs as allosteric pockets

can often be difficult to distinguish, !06:119:125-127
1.3.3 Evidence for CXCR1 and CXCR?2 allosterism

Several allosteric sites have been identified across GPCRs, with the majority close to
the orthosteric site but are still able to manipulate GPCR function through
conformational changes or assembly of the receptor complexes.®!1%128
With the acceleration of GPCR elucidation several crystal structures have identified
allosteric binding sites, such as for chemokine receptors CXCR2>*, CCR9'?°, CCR2!3°,
CCR51! and CCR7.132133 These five structures exhibit a spatially overlapping
intracellular binding site enclosed by TM1,TM2, TM3, TM7 and H8 (Figure 1-11).
The crystal structure of CXCR2 in complex with diaryl squaramide NAM, 00767013
(1) supported previous biological reports by Salchow et al.!3* and Bertini et al.'*>
describing a putative intracellular binding site identified in CXCR1 and CXCR2.>%134
137 Comparisons between the active CXCL8-CXCR2-Go; with Cryo-EM CXCLS8-
CXCR2-00767013 (1) by Liu et al.>* described the binding site of 00767013 (1)
overlapping with the a-5 helix of the Ga; suggesting a mode of action by which the
IAM interferes with G a interacting with the receptor. The nature of this binding site

along with comparisons of available structural data is further explored in Chapter 2.
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Figure 1-11 Allosteric antagonist 00767013 (1) binding interactions with CXCR2. (A)
3D view of 00767013—CXCR2 interactions from the intracellular side. CXCR?2 is
depicted as a blue cartoon and shaded surface representation. Ligand 00767013 (1) is
shown as yellow sticks. (B) Structural comparison of active (orange) and inactive
(blue) CXCR2, viewed from the cytoplasmic side. The 00767013 (1) (yellow sticks)
overlaps with the binding of the a5 helix of Gai (cyan cartoon) with CXCR2. Image

taken from Liu et al.>*

The biological reports by Salchow ef al.!** and Bertini et al.'*>'*7 show significant
overlap in the important binding residues of the intracellular binding site of CXCR2
compared to the CXCR2-00767013 (1) crystal structure. The studies conducted by
Salchow et al.'** described site directed mutation experiments. In their findings
D84N>40 T83A%3°, A2491°33 and K320A%* mutations were introduced and
demonstrated 70, 40, 280, 30-fold reductions in affinity of navarixin (2), respectively,
compared to wild type CXCR2 (determined by [**S]GTPyS binding assays in Chinese
hamster ovarian cell (CHO) membranes) (Table 1-2). The CXCR2-00767013 (1)
crystal structures showed D84%4°, T8323% and K320%4° as important residues in
proximity to the ligand to make hydrogen bonding and in the case of K320%4° ionic

interactions with the ligand. Notably, in mutational studies, A249L%3* displayed the
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largest reduction in binding affinity with a 280-fold reduction when mutated to

1249533, However, the crystal structure introduced a A249E®33 mutation, which did

not appear to significantly alter the functional response of the receptor.>*134

Table 1-2 K4 values for [*H]navarixin (2) determined from saturation binding

experiments in CHO membranes expressing wild type and mutated CXCR2 receptor.

Data shown are mean + SEM. Data taken from Salchow et al.!**

Mutation Kq (nM) Fold-shift
(mutant/wild-type)
Wild type 0.059 £ 0.018 -
K320A8%4 1.82+0.39 30.8
Y314A733 0.415 +0.097 7.0
A2491.633 16.52 £ 0.915 280.1
D84N?240 4.10+2.23 69.5
T83A2% 0.694 + 0.234 11.8
T83L>3? 247+0.78 41.9
D143R34 0.804 +0.351 13.6

Whilst a crystal structure for CXCRI1 in complex with an intracellular allosteric
modulator is not currently available, biological data, along with amino acid
homogeneity in the region supports the overlap of the binding site of diaryl squaramide

ligands identified by Liu et al.>%!34136.138
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1.4 CXCLS8-CXCR1/2 axis in cancer and inflammatory

diseases

As previously discussed, the CXCL8-CXCR1/2 axis plays a vital role in neutrophil
homeostasis. The dysregulation of this axis or its downstream signalling pathways can
lead to impaired immune function leading to the dysregulation of the inflammatory
response, an important factor in many biological systems including, respiratory,

13.65.67 Therefore, there is great scope

digestive, cardiovascular, and nervous systems.
for diseases that CXCR1 and CXCR2 are implicated in as well as the need for
biological modulators of these receptors for the treatment of inflammatory conditions
is humans. The following summary of specific diseases in which targeting the

CXCR1/2 axis could prove to be therapeutically beneficial.
1.4.1 Respiratory diseases

Respiratory diseases encompass diseases of the airways and other structures of the
lung, and typically affect specific functions of the lung.!**'4® Among the most
prevalent is chronic obstructive pulmonary disease (COPD), characterized by airflow
limitation that primarily involve the airways and alveoli. In COPD, chronic
inflammation damages the airway walls and leads to narrowing and destruction of
alveoli.'* The progression of COPD is associated with the recruitment and activation
of immune cells such as macrophages and neutrophils to the affected areas of the lung,
leading to chronic inflammation. Initial investigations into the role of chemokines in
COPD progression found that increased levels of CXCL8 were identified in the
sputum of COPD patients compared to healthy patients.!*! Studies have shown that
increased CXCR1 and 2 expression along with associated chemokines, CXCL8 and
CXCLS5 (CXCR2 exclusive) have been observed in bronchial biopsies of COPD
patients in a study by Qiu et al.'*? Additionally, CXCL1 expression has also been
observed in the epithelial cells of COPD patients. CXCL1 binds to CXCR?2 selectively
over CXCRI and is also associated with increased chemotaxis of neutrophils.'#* This
study further concluded that during severe exacerbations of COPD, CXCL5-CXCR2
axis is preferentially stimulated and thus distinct from CXCRI1 stimulation.'4>!144
Exposure to environmental stimuli implicated in causing COPD, such as smoke and

pollutants, has been shown to be a major trigger for the overexpression of CXCL8 and
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its receptors CXCR1/2.145146 This leads to stimulation of epithelial cells in the airways
by CXCLS, initiating a cascade of events that result in contraction and increased

airway permeability to inflammatory cells.!”

Investigations into the use of small molecule antagonists targeting CXCR2 are
underway with promising clinical trial candidates in navarixin (2) developed by
Schering-Plough (now under Merck) AZD5069 (3) developed by Astrazeneca (AZ),
and danirixin (4) developed by GSK (Figure 1-12).'4-1%° Early clinical data for
danirixin (4) in COPD demonstrated promising target/receptor coverage in ex vivo
studies, with significant reductions in blood neutrophils observed in patients with
bronchiectasis. However, despite high receptor occupancy levels, it did not show
efficacy in improving COPD outcomes, such as exacerbation rates or lung
function.!>!4%-151 GSK have since stopped the development of danirixin (4) as
treatment for COPD.!® Oral administration of navarixin (2) displayed ~50% reduction
in sputum neutrophil counts whilst also showing an increase to forced expiratory
volume (FEV1), a measure of breathing obstruction. Despite this, there was no
improvement to COPD symptoms or a reduction in exacerbations.!*!>147 Qverall,
whilst targeting CXCR2 presents a promising therapeutic approach for COPD by
specifically addressing neutrophilic inflammation, efficacy of small molecules has yet

to be demonstrated.
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Figure 1-12 Chemical structures of navarixin (2), AZD5069 (3) and danirixin (4)

Asthma, a chronic disorder, is marked by airway inflammation, increased mucus
production, and constriction of the airways. Neutrophils have a multifaceted role in
this condition, contributing to the complex inflammatory processes involved in asthma
pathogenesis. While asthma is traditionally considered a disease primarily driven by
eosinophilic inflammation, recent research has highlighted the involvement of
neutrophils in various aspects of asthma pathophysiology. Studies into asthma
pathology have shown that the expression of CXCLS8 is markedly increased in lung
epithelium, sputum, and peripheral blood in patients with asthma.!%!3%15% Experiments
have found a direct relationship between the severity of asthma symptoms and the
levels of CXCLS8, along with other ELR" CXC chemokines, in lung tissue and
bronchoalveolar cells.!*!55 Furthermore, the expression of the receptors for these
chemokines, namely CXCR1 and CXCR2, has been observed to increase in response
to elevated levels of CXCL8 and other ELR" CXC chemokines.!®:144153.156-158
Additionally, stimulation of CXCR1/2 via CXCLS8 on eosinophils induce further
eosinophil chemotaxis that releases inflammatory mediators and toxic proteins, which
further contributes to inflammatory symptoms in the airways.!? It is estimated up to
300 million people worldwide are affected by some degree of asthma, and whilst
patients with mild to moderate symptoms respond well to inhaled glucocorticoids,

these therapies perform poorly in patients with severe forms of the disease.!>%1%° The
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use of small molecule treatments for targeting CXCR1 and CXCR2 stimulation are
already underway. Ladirixin (5), acting at both CXCR1 and CXCR2, has shown to
reduce the inflammatory effect in mice models induced with asthma and COPD. In the
same study ladirixin (5) showed anti-inflammatory effects in steroid-refractory models
compared to dexamethasone, a corticosteroid. This displays the ability of ladirixin (5)
to address limitations of corticosteroid therapies in severe asthma and COPD cases.!*®
With the crossover of molecular mechanisms between COPD and asthma, clinical
candidates which have emerged as CXCR1/2 antagonists such as navarixin (2) and
AZD5069 (3) have advanced to phase II trials as treatments for both COPD and severe
neutrophilic asthma. Patients treated with oral AZD5069 (3) over a 6-month period
showed no improvements in severe asthma symptoms or exacerbations.!®® Similarly,
navarixin (2) failed to improve asthma control and lung function in asthma patients
after oral administration over a 4-week period (NCT00688467).161:162 Additionally,
notable reduction in neutrophil count led to the discontinuation of clinical trials.
Despite the promising in vivo studies into the use of CXCR1/2 antagonists, these
therapeutics, thus far, share the same fate as the treatment of COPD, where their

efficacy concerns have hampered their development for severe asthma treatment.!#!3
1.4.2 Psoriasis

Psoriasis is a persistent inflammatory disease caused by an accumulation and
infiltration of neutrophils, T lymphocytes, keratinocytes, and macrophage in the
dermal and epidermal areas of skin. The production of neutrophils in the affected area
are regulated via chemotactic factors, such as the large influx of CXCL8 and CXCLI1,
the latter only binding to CXCR2.!%* Studies conducted on the contents of psoriatic
scales have also shown that both CXCR1 and CXCR2 receptor expression are

164 Further studies have

upregulated in affected cells from various areas of the body.
shown similar upregulation of CXCR1 and CXCR?2 receptors, with more emphasis on
CXCR?2 in many cases. 93165166 Suymida er al.'®” showed that CXCL ligands activating
CXCR?2 facilitate disease progression and early-stage inflammation through the
enhancement of the LTB4-BLT1 axis in keratinocytes.!¢” Targeting the chemokine
pathway presents a promising therapeutic approach to ameliorating the condition of
psoriatic cells.!®® Nevertheless, there has been a lack of recent updates assessing

CXCR1/2 antagonists for the treatment of psoriasis, with the most recent being a phase
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IT clinical trials investigating the oral administration of navarixin (2) for treating
psoriasis (NCT00684593), last updated in 2008. Further research and updates are
necessary to assess the efficacy and potential of this intervention in managing psoriasis

effectively.

1.4.3 Cancer

There is a complex relationship between inflammation and cancer that significantly
influences tumour development and disease progression. Chronic inflammation,
whether initiated by infectious agents, autoimmune diseases, or environmental factors,
creates a microenvironment that promotes tumorigenesis. The role of chemokines and
cancer progression has been explored extensively in previous reviews.!%13:15.73,169,170
The CXCL8-CXCR1/2 axis is one of many chemokine mediated pathways that have
been implicated with the proliferation and migration of tumour cell. CXCLS directed
neutrophil recruitment to the extracellular space surrounding cancer tissue is a major
contributor to tumorigenesis and negatively corelates to patient prognosis.!>!’! The
increased secretion of CXCL8 has been observed in the tumour microenvironment
(TME) of multiple types of cancer including non-small cell lung cancer
(NSCLC)!7>173 | melanoma!’#176, prostate!””!’®, pancreatic!’*!80, breast!81182 and
lung.'®3185 Due to its involvement in tumour progression and metastasis, CXCLS
levels in the tumour microenvironment (TME) or in plasma levels have been proposed
as biomarkers for assessing disease severity and predicting patient outcomes.!%-170.183
Moreover, the presence of neutrophils within the TME has been linked to immune
suppression and resistance to treatments such as chemotherapy, molecular targeted
therapy, and immune checkpoint inhibitors (ICT).!%!77:183.18¢ Qne of the limitations ICI
therapies is therapeutic resistance observed in some patients resulting in poor
therapeutic response. Recent studies have suggested that CXCLS8 expression in plasma
corelates to patient response to ICI therapies in NSCLC.!'"7!87 Therefore, the
identification of patients with ICI resistance could improve the clinical outcomes.
Furthermore, understanding the mechanisms underlying CXCL8-mediated resistance
to ICIs and other cancer therapeutics could provide valuable insights into tumour
immune evasion mechanisms and facilitate the development of novel therapeutic
approaches to overcome resistance.!8!8 Targeting the CXCL8-CXCR1/2 axis or

modulating neutrophil recruitment and function within the tumour microenvironment
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are potential strategies to enhance the efficacy of ICIs and overcome resistance in

cancer patients. 10,184,189 75,198,205

1.5 Rationale for targeting CXCRI1, as well as CXCR2 for

therapeutics

The CXCRI1/2 receptors have been identified as playing a key role in multiple
neutrophil-mediated inflammatory diseases, such as COPD, asthma, and psoriasis,
which have been discussed.!*!1>>1%° Whilst preclinical evidence has been promising for
small molecules targeting these diseases, there has been a clear trend of the efficacy
challenges faced by CXCR1 and CXCR2 antagonists, particularly those targeting the
intracellular allosteric binding site such as navarixin (2) and AZD5069 (3). Further
clinical studies are necessary to elucidate the potential for CXCR1 and CXCR2
therapeutics in the treatment of inflammatory diseases. Recent evidence has detailed
the importance of neutrophils in the development and progression of cancer, with
studies showing promising results in targeting the CXCL8-CXCR1/CXCR2 axis. The
roles of CXCRI1 and CXCR2 in multiple human cancers have been discussed in
reviews, 01315175191 There are several studies that have detailed the differential roles
that CXCR1 and CXCR2 may play in tumorigenesis. Following is evidence for the
potential of selectively targeting the CXCR1-CXCLS axis in cancer.

Cancer stem cells (CSC) make up a small proportion of cancer cell populations in solid
tumours, but they are thought to be crucial in the tumorigenesis as they exhibit stem
cell-like properties that allow self-renewal and chemoresistance.!%34192 Studies have
highlighted the CXCL8-CXCRI1 axis for its role in CSC proliferation in multiple

human cancers. Chen et al.'*?

observed an upregulation of the expression of CSC
markers. CD44 and CD133 were associated with CXCR1 expression, as well as an
increase in the proportion of CSC observed in tumour formations taken from
pancreatic cancer samples of patients. Additionally, they investigated the growth of
tumour spheres in the presence of an anti-CXCR1 antibody compared to the absence
of the CXCRI1 antibody. They observed a reduction in tumour sphere size along with
reduced CXCLS8 induced expression of CSC biomarkers, CD22 and CD44.!%3 CXCR2
has also been associated with pancreatic cancer and dual CXCR1/2 antagonist
ladarixin (4) has been investigated in mouse models for its ability to improve the

efficacy of immune checkpoint inhibitors. Ladarixin (4) showed promising results in
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reducing tumour growth and metastases in mouse models by targeting both CXCR1
and CXCR?2 signalling pathways. This dual inhibition approach holds potential for
overcoming resistance to current chemotherapy regimens, although the understanding
of how each of these pathways contribute to reducing chemoresistance is still unclear.
In this context it is possible that selective CXCR2 or CXCRI1 targeting would not be

as effective.

In breast cancer, CXCR1 has been identified as a target for CSC with expression of
CXCR1 mRNA observed in in vitro breast cancer cell lines.!”*!> Studies conducted
on biopsies taken from breast cancer patients observed a corelation between the
progression and severity of breast cancer and the increased expression of CXCR1. The
study found that, after neo-adjuvant chemotherapy treatment, CXCR1 expression
decreased. Additionally, the degree of reduced expression correlated with increased
pathological response to treatment and increased efficacy of neo-adjuvant
chemotherapy.'®® This increased expression was observed in ALDH" cell populations,
which are associated with the maintenance and differentiation of CSCs. Additionally,
this expression of CXCR1 was exclusive to ALDH" cell populations, suggesting that
CXCRI1 plays a vital role in CSC proliferation and self-renewal.!** Tumorigenicity of
ALDH"-CXCRI1* and ALDH-CXCRI" cells were assessed after transplantation in
mice models. Whilst ALDH'-CXCRI1" cell populations regenerated expected cell
compositions, ALDH'-CXCRI1" showed restricted differentiation suggesting that
cellular differentiation and hierarchy is driven by CXCR1 expression.!** The same
study also assessed the use of CXCR1-antibody and 400-fold CXCR1 (vs CXCR2)
antagonist reparixin (6) (Figure 1-13). They observed a dose dependent response to
decreased ALDH"-cell viability within 3 days of incubation and in turn induced cell
death, despite CXCR1" populations representing less than 2% of the tumour cell
population.'® Clinical trials are currently underway for the use of the CXCRI
selective allosteric antagonist reparixin (6). Phase 2 trials conducted by Goldstein et
al.'®® on twenty patients with operable HER-2-negative breast cancer showed
promising results regarding the tolerability and safety of reparixin (6). The oral
administration of reparixin (6) every 6-8 hours over a 21-day period was deemed
tolerable and no adverse reactions were observed. Absolute neutrophil counts (ANC)
were also recorded in patients with no sustained decrease. This contrasted with

observations in phase I trials where patients treated with selective CXCR2 antagonists,
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AZD5069 (3) and navarixin (2) displayed reversible neutropenia.!7%!96-198
Additionally, it was noted that reductions in CXCR1" cells were observed in most
patients suggesting a reduced recruitment of CXCR1" cells. Whilst this study does
present promising results for the therapeutic targeting of CXCRI1 in breast cancer, the
clinical relevance is still in question due to the short window of the study, which is not
likely to demonstrate the ability for reparixin (6) to reduce tumour proliferation or
survival.!® Following phase II clinical trials in patients with metastatic triple-negative
breast cancer, reparixin (6) failed to show beneficial therapeutic efficacy for
progression-free survival (PFS) after administering reparixin (6) in combination with
paclitaxel over a 21-day period.!® The negative results of this trial do question the use
of CSC targeted therapies in late-stage cancer, but may still be beneficial for early

stage and metastatic prevention treatment, 5196199

reparixin (6)
Figure 1-13 Chemical structure of reparixin (6)

Glioblastoma multiforme (GBM) is a fast-growing and aggressive brain tumour which
has poor prognosis due to no treatments available with clinical efficacy. Sharma et
al.*® investigated the role of CXCLS8 in the TME of tissue samples from patients. They
noted that the CXCL8-CXCR1/2 axis was directly associated with the growth of GBM
by promotion of cell proliferation an invasion in the TME. The study employed a
lysine salt of allosteric antagonist reparixin (6), which is 400-fold selective for
CXCRI1, and demonstrated significant reduction in tumour cell proliferation.
Furthermore, the researchers observed that CXCL8 promoted neovascularization by
binding to CXCRI1, as evidenced by increased CXCRI1 expression in tumour
vasculature.??° Comparisons to the expression of CXCR2 showed that, whilst CXCR1
was upregulated in the tumour cells and tumour-associated vessels, CXCR2
expression was only observed in the tumour cells.®*2% Further, whilst dual anti-
CXCRI and anti-CXCR2 antibodies had an additive effect on reducing tumour cell
proliferations, disruption to the angiogenesis was observed when CXCR1 was

neutralised alone.?”® Another study conducted by Zhang et al?°! also noted the
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difference in expression between CXCR1 and CXCR2 in glioma samples taken from
patients. This study agreed that glioma cells upregulate CXCR1 however in contrary
to Sharma et al.?”’, they observed no increased CXCR2 expression. This led them to

the conclusion that CXCLS8 acts mainly with CXCR1 in the progression of glioma.?"!

Extensive research has focused on understanding the roles of CXCR1 and CXCR?2 in
breast cancer. Studies investigating the chemotactic effects of the CXCL8-CXCR1/2
axes have indicated that CXCR1 alone mediates CXCLS8 chemotaxis in metastatic
melanoma cell lines.?*? After the mixing of metastatic melanoma cells with CXCR1
and CXCR2 antibodies, it was observed that, whilst CXCR1 displayed a dose
dependant reduction in chemotaxis of Wistar melanoma (WM)239 metastatic
melanoma cells, CXCR2 didn’t exert any significant effects on the chemotactic
response.??? This study also noted the differential expression of CXCR1 and CXCR2
in metastatic and non-metastatic melanoma cells. Whilst CXCR2 expression was
similar in non-metastatic (WM35, derived from the radial growth phase) and
metastatic (WM239 derived from secondary metastases) cells, CXCR1 expression was
increased 20-fold in WM239 cells compared to the WM35. This suggests that CXCR1

plays a specific role in the spread of melanoma cells.?%?

Research on CXCR1 and CXCR?2 as therapeutic targets is still evolving, particularly
in their application for cancer treatment. It is currently unknown whether targeted
therapies for selective CXCR1 or CXCR2 would be clinically beneficial compared to
dual inhibitors. However, dual targeting may lead to increased toxicity and off-target
effects, which needs to be considered. There is a clear need to investigate the
individual roles of CXCR1 and CXCR?2 in the progression of inflammatory diseases
and cancer. Developing small molecule tools that selectively bind to either receptor
would progress our understanding of these receptors and delineate their individual
modes of action regarding progression in vitro and in vivo models. This, in turn, would
allow for the development of therapies that may hold the key to overcoming the current
efficacy issues faced with CXCR1/2 therapeutics currently under investigation.
Additionally, the selective targeting of CXCR1 may be beneficial as this receptor is
less promiscuous than CXCR2, only strongly binding to CXCL6 and CXCLS, whereas
CXCR2 binds to CXCL1-3 and 5-8.%!% Consequently, one could envisage a scenario

where a CXCRI1 selective antagonist could mitigate the adverse effects on regular
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inflammatory control compared to a dual CXCR1/2 antagonist or selective CXCR2

antagonist.
1.6 Medicinal agents targeting CXCR1/2

The development of chemical compounds aiming to target CXCR1/2 has been an
active area of research since 1996, and several patents have been filed claiming
additional series of compounds. With the expanding understanding of chemokine
receptors and their potential therapeutic effects, there is a growing financial interest in
this field. Most of the CXCR1/2 targeting ligands developed follow from the early
work conducted by GlaxoSmithKline (GSK), with a urea or urea-like core being
present. An exception to this is the work conducted by Dompé SPA, however evidence
would suggest that their series of compounds act on a different allosteric binding site
to the urea class of compounds.'**!3> The following is a record of the efforts made by
some of the major pharmaceutical companies with a publicised interest into the drug
development of this CXCR1/2 targeting small molecules, including the patents filed
and the following pharmacological analysis that has been conducted on hit

compounds.
1.6.1 Early work conducted by GlaxoSmithKline (GSK)

GSK were the first large pharmaceutical company to take an interest in CXCR1/2
modulators. Their work describes novel N-N’-diaryl urea compounds with the general
structure shown in Figure 1-14. The general pharmacophore describes a urea core
between two ring systems (ring A and ring B) which were subsequently used for
CXCR1/2 antagonist design.?®*21% The first lead compound, SK&F83589 (7),
identified through high throughput screening methods of [12°1]-CXCL8 binding assays
in Chinese hamster ovary cells (CHO)-CXCR2 cells displayed ICso of 500 nM.2!!
Chemical modification of SK&F83589 (7) via combinatorial techniques led to
introduction of an ortho-bromophenyl group, SB225002 (8). This compound marked
the successful structure activity relationship (SAR) studies to selectively inhibit
CXCLS binding to CXCR2. SB225002 (8) displayed 1Cso values of 22 nM against
CHO-CXCR2 and no significant inhibition in CHO-CXCR1 up to 3.3uM
concentration determined by [!?I]-CXCL8 binding assays. This marked a
breakthrough in the group with a lead compound observing >150 — fold selectivity for
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CXCR2 vs CXCR1.2!! Further SAR studies into the N,N’-diaryl urea scaffold resulted
in several compounds developed by GSK being patented as potent and selective
CXCR?2 antagonists, containing the ortho-Br on ring B containing a phenyl moiety
(Figure 1-4),203.204.206,207.209211 While SB225002 (8) exhibited selectivity for CXCR2
over CXCRI1 and good potency in CXCL8-chemotaxis assays, it demonstrated
inadequate oral bioavailability and unfavourable pharmacokinetic properties in animal
models, (clearance rate 60 - 120 mL kg™ min™").2!! Whilst SB225002 (8) was entered
into clinical trials, further N,N’-diaryl urea analogues were identified and investigated
in parallel. SAR studies sought to improve the biological activity of their lead
compound, and they identified the hydroxy group of ring A to be important for
retaining binding affinity towards CXCR2 and displayed improved biological
stability.
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Figure 1-14 Representation of CXCR1/2 drug discovery efforts conducted by of
GlaxoSmithKline (GSK) identifying key scaffolds and preclinical/clinical candidates.
GSK identified the urea core, which became a strong scaffold in the future work

towards CXCR1/2 antagonists.
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Their analogues following this discovery led to breakthroughs with two compounds,
elubrixin (9) (SB656933) and danirixin (4) (SB332235 or GSK1325756).212213
Initially disclosed in a patent filed in 2000, these two compounds featured a meta-
substituted sulphonamide/sulphone moiety. This modification seemed to enhance
biological stability by mitigating glucuronidation of the phenolic group. This could be
rationalised by the introduction of steric hindrance and reducing the pKa of the
phenolic group, consequently diminishing its nucleophilic reactivity.?!2213 A 2009
patent claimed the use of elubrixin (9) for the treatment of cystic fibrosis.?!* Preclinical
studies of elubrixin (9) showed that the compound was well tolerated and decreased
ex vivo CXCL1-mediated neutrophil activation and recruitment.?!2 It was later entered
into clinical trials for therapeutic use against COPD, colitis and cystic fibrosis but was
discontinued due to efficacy and focus turned to the development of danirixin (4).
Danirixin (4) was entered into phase II clinical trials for the treatment of COPD but
subsequently terminated due to lack of efficacy and observations of increased
exacerbations of symptoms in patients,!4%-212.215.216

In a subsequent SAR study, a triazole was employed instead of the ortho-hydroxy and
meta-sulphone groups found in danirixin (4), while a cyano group replaced the para-
nitro substituent. Among these compounds, SB265610 (10) emerged as the most
promising candidate, featuring an additional para-cyano group in lieu of the nitro
group present in danirixin (4). Although still potent, SB265610 (10) had a reduced
potency with ICso = 10 nM but improved pharmacokinetic and ADME properties in
rabbit models.?!7-2!® Despite the continued development of N, N -diarylurea analogues,
danirixin (4) remained the most advanced small molecule for selective CXCR2, but
no update has been issued since the discontinued phase II trials for the treatment of

COPD in 2020.2"

1.6.2 AstraZeneca (AZ)

AstraZeneca’s early efforts in the early 2000s for CXCR1/2 antagonists focused on
bicyclic purine and thiazolopyrimidine scaffolds.???2! AZD8309 (12), a potent 2-
aminothiazolo[4,5-d|pyrimidine derivative is as a potent and selective CXCR2
antagonist. It is derived from SAR studies into the three thiazolopyrimidine
substituents of hit compound 11, discovered in a HTS process (Figure 1-15).222:223
Whilst AZD8309 (12) possessed greatly improved potency towards CXCR2
37



(['*I]CXCLS8 binding assay, ICso = 4 nM), it still suffered from bioavailability
concerns in rat models (F = 9%). In phase I clinical trials, AZD8309 (12) demonstrated
promising indications. Evaluation of lipopolysaccharide (LPS)-induced airway
inflammation in healthy volunteers revealed noteworthy reductions in neutrophil count
in sputum, decreased activity of neutrophil elastase, and diminished expression of
CXCL1.%?* In the same studies, AZD8309 (12) was described as a potential treatment
pathway for COPD, severe asthma, and cystic fibrosis.??*??° Despite the promising
phase I clinical data, AZD8309 (12) is no longer being pursued by AstraZeneca in
favour of AZD5069 (3).222223:226 AZD5069 (3) was the result of SAR around the ring
opening of the bicyclic core in favour of a sulphonamide substituted pyridine. This
compound was among the first series of compounds described in a 2010 patent,
showing favourability of a monocyclic core.?”” AZD5069 (3) has been featured in
various patent claims by the company, including an updated version in 2012 detailing
the formulation of crystalline forms of the compound.??’ This patent, while referencing
several other crystalline compounds previously mentioned in a 2006 patent, focuses
on a more refined compound library. AZD5069 (3) is a highly selective CXCR2
antagonist, demonstrating a 150-fold difference in activity compared to its inhibitory
effect on CXCRI1, determined by [12°T]-CXCL8 binding assays. The pICso values were
measured at 9.1 and 6.9 for CXCR2 and CXCRI, respectively.??® Additionally,
preclinical in vitro studies found that it was a potent antagonist for CXCL1-mediated
neutrophil chemotaxis.!3® As the most advanced pyridine based CXCR2 antagonist,
AZD5069 (3) was entered into clinical trials. Phase I trials were conducted on
AZD5069 (3) to assess its safety and tolerability in healthy patients. Promising
indications demonstrated reduced airway inflammation indicators, including
neutrophil counts in the sputum. Subsequently, AZD5069 (3) advanced to phase II
trials, where it is currently under investigation for the treatment of respiratory diseases,
COPD!'#8:216 asthma'!6%22° bronchiectasis?*°.!> Whilst being well tolerated, indications
from patients with severe asthma showed a lack of efficacy after a 6-month period.!®
AZD5069 (3) has recently advanced to phase II trials for the treatment of cancers,
including advanced hepatocellular carcinoma (currently recruiting) and metastatic
castration-resistant prostate cancer (NCTO03177187). These trials involve

combinations with durvalumab and enzalutamide, respectively.
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RIST4721 (13) (AZDA4721) is another pyridine-based drug that was originally
developed by AstraZeneca, but not developed past phase I trials in favour of AZD5069
(3). It was subsequently bought out by Aristea and renamed RIST4721 (13). It was
entered into phase II clinical trials for the treatment of several neutrophil mediated
inflammatory disorders including, hidradenitis suppurativa (NCT05348681);
palmoplantar pustulosis?}!, and familiar Mediterranean fever (FMF) (NCT05448391)

but has been withdrawn from studies.?*?
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Figure 1-15 Medicinal chemistry efforts conducted by AstraZeneca (AZ).
1.6.3 Dompé S.P.A

Medicinal chemistry efforts conducted by Dompé¢ in the area of CXCR1/2 antagonism
are currently focused on the use of 2-arylproprionic acids as a core (Figure 1-16).2%3
This was the culmination of early SAR work done on a series of 2-aryl-acetic acids

derived from ketoprofen (14) and ibuprofen (15), for which a patent was filed in
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2004.23* Ketoprofen (14) and ibuprofen (15) are commonly associated with the non-
selective inhibition of the cyclo-oxygenase-1 and 2 (COX-1 and 2) enzymes.?*>23
However, it was also shown to be associated with CXCL8-mediated neutrophil
chemotaxis, not associated with the COX pathways. This unusual activity led to the
finding of an allosteric interaction site between ketoprofen (14) and CXCR1 through
molecular modelling and subsequent mutagenic studies. The allosteric binding site
described by Allegreti et al.*’ is topographically distinct from the intracellular binding
site which the intracellular NAMs, such as the N, N -diarylurea/urea like and pyridine
compounds, act. The binding site of ketoprofen (14) in CXCRI1 lies in a cavity on the
extracellular side of the receptor between TM1, 2, 3, 6 and 7. SAR studies conducted
on ibuprofen (15) derivatives led to the development of reparixin (6) and ladirixin (5)
as CXCRI1/2 antagonists.?3” Reparixin (6) stands out compared to the urea mimetic
compounds as acting selectively on CXCR1 (hPMN chemotaxis ICso = 1 nM)
compared to CXCR2 (hPMN chemotaxis 1Cso = 400 nM). To date, it appears that
reparixin (6) is the only compound entered into clinical trials with high selectivity
towards CXCR1 over CXCR2. Later characterisation of the binding pocket using
reparixin (6) and ladirixin (5) corroborated the proposed binding mode. Bertini ez al.'*
suggested that the activity was driven by a strong network of hydrogen bonding and
ionic interactions between the ligand and polar residues in the pocket (K48'32, Y5513,
E3007-%, K108264, N129335),135:237-239 Preclinical data showed reparixin (6) inhibited
neutrophil chemotaxis, whilst not affecting radiolabelled CXCLS8 binding.!* Phase II
and III clinical trials are ongoing on the use of reparixin (6) in treating early graft
rejection of pancreatic islet transplants in type I diabetic patients.?*%-2*? They found
that there was a desirable downregulation of neutrophil recruitment, along with
reduced expression of CXCR1 and CXCR2 cell types.?*? Despite promising
indications to reduced inflammation, no improvements were observed with islet graft
acceptance despite improved islet graft survival in mice models, pointing towards an

efficacy concern with treatment.?40-242
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Figure 1-16 Representation of the medicinal chemistry efforts made by Dompé S.P.A
in CXCR2 modulators. Their early work was based on the common scaffold derived
from the ibuprofen (15) scaffold. Their efforts resulted in the discovery of reparixin
(6), a promising lead compound. Addition of a second cyclic ring in the form of a

thiazole gave DF2755A (16) and its sodium salt 17.
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Phase I reports suggest that reparixin (6) is well tolerated at a therapeutic dose with a

reduction in cancer stem cells in breast cancer patients.!””

Pharmacological studies
conducted suggest the use of reparixin (6) in combination with 5-fluorouracil for the
treatment of gastric cancer, showed a 50% reduction in micro vessel density (MVD).!®
More recently, oral administration of reparixin (6), was evaluated in patients with
HER-2-negative breast cancer, where it was well tolerated and reduced CSCs
following 21-day treatment. This study suggested that the inhibition of CXCR1 may
be beneficial to targeting CSCs in the tumour environment, following a CXCLS8-
CXCRI axis in breast cancer being reported by other studies.?*196243 Subsequently,

reparixin (6) was used in combination with paclitaxel in phase II trials, but failed to

show improved progression-free survival in patients compared to the control group.

Dompé¢ have also continued to develop their other 2-arylproprionic derivative,
ladarixin (5). Characterisation of ladarixin (5) describes it as a dual CXCR1/2
antagonist with the ability to decrease PMN infiltration and angiogenesis in mice
models. In the same study, they exemplified the ability of ladarixin (5) to reduce the
CXCLI1-mediated angiogenesis. This pathway is CXCR2 specific and pointed towards
a dual inhibitory effect of ladarixin on CXCR1 and CXCR2.!* Ladarixin has
undergone phase I and phase II clinical trials for the treatment of onset type-I diabetes
(NCTO02814838).2** Whilst >10 % of patients exhibited adverse reactions to the
treatment (including dyspepsia and headaches), patients displayed reduced beta cell
loss and warranted further progression to phase III trials which are currently ongoing

(NCT04628481).158.244

A patent filed by Dompé in 2010 details the introduction of a second aryl ring in the
form of a trifluoromethyl substituted thiazol ring.??’ 25 compounds were detailed and
of these the most promising was DF2755A (16) and the corresponding sodium salt 17,
which showed 66% CXCLS inhibition at 1 nM in chemotaxis of human monocytes
with a high degree of selectivity for inhibiting CXCL8 chemotaxis versus C5a or f-
MLP receptor chemotaxis. Recent ex vivo and in vivo studies have shown that
DF2755A (16) is effective as a preventive or therapeutic against CYP-induced
peripheral neuropathy by inhibiting chemokine-induced excitation of sensory neurons

and therefore a potential treatment for non-ulcerative interstitial cystitis.?#®
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1.6.4 Schering-Plough (before acquisition by Merck & Co)

Before the acquisition by Merck & Co, Schering-Plough had a small but impactful
presence in the field of CXCR1/2 antagonists, with 2 patents being filed before 2009
(when their acquisition acquired by Merck & Co).2*® The first of these patents in 2002
detailed the use of a 3,4-disubstituted diamiocyclobutene-1,2-diones bioisostere in
place of the urea scaffolds used in earlier GSK examples of allosteric CXCR1/2
antagonists. The patents describe a general structure of two aryl rings (ring A and ring
B) on either side of a 3,4-diaminocyclobut-3-ene-1,2-dione core (Figure 1-17). This
was the first patent to suggest a departure from two phenyl rings described in GSK
examples and, instead, favoured a heteroaryl ring B. Merritt et al.?*¢ and their team at
Schering Plough published their SAR work conducted on the N N’-diaryl 3,4-
diamiocyclobutene-1,2-diones, 4 years after the patent was filed.>*® The SAR detailed
the importance of the hydroxyl group in the same manner described in earlier GSK

antagonists.20%-247

Replacement of the hydroxyl with hydrogen gave ICso of 8.6 uM
compared to 0.036 uM displayed by the hydroxy analogue in a CXCR2 chemotaxis
assay.?*® Methylation of the NH group of the 3,4-diaminocyclobut-3-ene-1,2-dione
core next to ring B was also shown to be detrimental to activity with 790-fold drop in
potency towards CXCR2 reported, determined by ['2’TJCXCL8 binding assay. This

study reported some of the SAR conducted around ring B of the molecule.>#¢
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Figure 1-17 SAR studies conducted on the squaramide core by Schering-Plough up
until their acquisition by Merck & Co in 2010. Compound 18, 19 and 20, potent
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CXCR2 allosteric modulators identified by an SAR study conducted by Merritt et
al.?* at Schering-Plough. Later work led to the discovery of navarixin (2), a promising

clinical candidate for the treatment of COPD, asthma, and psoriasis.

Work on the 3,4-diaminocyclobut-3-ene-1,2-dione scaffold continued, and several
papers were published between 2006 and 2009 by Schering-Plough and their team
detailing the SAR studies that were conducted on the squaramide core.?*6-248-251 The
next published work would be extensive SAR on ring B. Introduction of a chiral centre
at the a-carbon to the amino group improved the potency with a preference for the R-
enantiomer, whilst the S-conformation had an almost 15-fold reduction in potency (17
nM versus 244 nM). Additionally, simple alkyl substituents were surveyed and
showed a preference for an ethyl group, with increasing length and branching having
a negative effect on potency and bioavailability in rat models.?*® After identifying the
preference for the R-ethyl substituent, they surveyed different substituted aromatic
rings that could be incorporated to the ring B.2*® The addition of an electron-
withdrawing atom into the aromatic ring in the form of heterocycles improved potency
with furan and thiophene displaying CXCR2 (hPMN chemotaxis) ICso= 3.8 nM and
CXCRI1 (hPMN chemotaxis) ICso = 6 nM. It is evident at this time they shifted to
developing CXCR2 selective compounds, with a preference for CXCR2 selective
compounds. In some cases, CXCR1 chemotaxis assays were not conducted on
compounds that showed no improved CXCR2 potency. A breakthrough compound
from this SAR, first detailed in the original patent from 2002 was navarixin (2)
(SCH527123 or MK7123 under Merck and Co) a highly potent compound showing
15-fold selective CXCR2 inhibition over CXCRI1. Additionally, navarixin (2)
exhibited a more desirable pharmacokinetic profile compared to 21, with the C5
methyl substitution appearing to increase the bioavailability of the drug. Another
compound detailed in a later SAR study conducted on substituted heterocycles
describes a potent dual CXCR1 and CXCR?2 inhibitor 22 that contains an isopropyl
substitution at C4 with a K; of 3 nM (ICso = 7.3 nM) against the CXCR1 receptor and
CXCR2 K; of 1 nM (ICso = 1.3 nM). Subsequent characterisation of 22 in vitro and in
vivo demonstrated potent inhibition of CXCL8 and CXCL1 induced neutrophil
chemotaxis and favourable oral pharmacokinetic profiles in rat, mouse, monkey, and

dog models.>>® SAR studies conducted by Chao ef al.**° details CXCR2 having a
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greater tolerance for larger C4 substituents with CXCR1 potency and points to a more

restrictive binding pocket for CXCR1 in this region.

Preclinical assessment of navarixin (2) displayed its ability to supress [*°S]-GTPyS
exchange of CXCRI1 and CXCR2, when stimulated with CXCL8. Additionally,
navarixin (2) decreased the efficacy of CXCLI1. The chemokine potency did not
increase in an expected linear fashion, as navarixin (2) concentration increased,
implying that navarixin (2) displayed an insurmountable profile consistent with
allosteric modulators.?>? The same study also described that the higher binding affinity
towards CXCR1 and CXCR2 exhibited by navarixin (2) compared to earlier GSK
compound SB225002 (8) translated to improved efficacy, inhibiting CXCL8-induced
Ca?* signalling. Navarixin (2) displayed the ability to suppress pulmonary neutrophilia
(EDso = 1.8 mg/kg) and reduced neutrophil counts in the sputum in rats supporting it
as a potential treatment for neutrophil mediated airway inflammatory diseases, such
as COPD.?% Navarixin (2) was entered into a series of clinical trials starting in 2007
for the treatment of inflammatory based disorders, including COPD'¥’, asthma
(NCT00688467) and psoriasis (NCT00684593).!>162 After treatment of navarixin (2)
lower neutrophil counts, CXCL8 counts, and myeloperoxidase were observed in the
sputum of healthy patients, compared to a placebo, and warranted further investigation
in patients with pulmonary disorders.?>* Comparable reduction in sputum neutrophil
reductions were observed in patients with severe asthma, along with a notable
reduction in mild exacerbation events. However, no statistically significant increase
was observed in FEV1, sputum myeloperoxidase, or sputum CXCLS levels.'®? Phase
II trials have seemingly been terminated after long term studies where the drug failed
to display suitable efficacy for continued treatment (NCT00441701).!>1%7 [n vitro
studies showed navarixin (2) showed inhibition of melanoma cell growth,
proliferation, chemotaxis, and invasiveness. Moreover, a notable decrease was
observed in tumour micro vessel density and increased melanoma cell apoptosis.?>
Similar reductions in micro vessel density and apoptosis were observed against colon
cancer including the reduction in metastasis.?*® The use of navarixin (2) in conjunction
with pembrolizumab in phase II trials for the treatment of advanced/metastatic solid
tumours has recently completed but the results have not yet been reported

(NCT03473925).
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Navarixin (2) and other 3,4-diaminocyclobut-3-ene-1,2-diones based NAMs act on
CXCR1 and CXCR2 through an intracellular allosteric binding site which was
originally delineated in 2010. During the work conducted in this project a crystal
structure of CXCR2 bound with a 3,4-diamino-cyclobut-3-ene-1,2-dione based NAM
00767013 (1) was elucidated and confirmed the binding mode described in
mutagenesis studies previously conducted by Salchow ef al.!3* This binding mode is

discussed further in Chapter 2.

1.6.5 Merck & Co

Merck & Co entered the area of CXCR1/2 modulators in 2010, following the
acquisition of Schering-Plough, they continued the focus of the SAR on ring the B side
of the 3,4-diamino-cyclobut-3-ene-1,2-diones based antagonists, with a patent
detailing a series of novel hydrazino-cyclobut-3-ene-1,2-dione compounds (Figure 1-
18).27 Merck & Co continued from Schering-Plough’s focus on the ring B of the
molecule with the introduction of a hydrazine moiety. This publication included 224
compounds of which 9 were highlighted, however none of the compounds in this series
displayed improved potency or pharmacokinetic profiles when compared to navarixin
(2).%% The most potent of the series were 23 and 24 displaying ICso of 120 nM and
110 nM in CXCR2 and ICsp of 9.7 uM and 4.1 uM in CXCRI1 determined by
fluorometric imaging plate reader (FLIPR) assays.2>® Whilst navarixin (2) is currently
under continued clinical evaluation, there has not been any additional compounds

added to their pipeline of CXCR1/2 antagonists since 2010.
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23 24

Figure 1-18 Work conducted by Merck & Co following the acquisition of Schering-
Plough. ventures into the area saw the development of several hydrazino-cyclobut-1,3-

ene-1,2-dione compounds, 23 and 24.
1.6.6 Other Developments on Squaramide Analogues

Several other companies have developed 3,4-diamino-cyclobut-3-ene-1,2-diones
based NAMs. Novartis have claimed a series of compounds with the general structure
shown in Figure 1-19 bearing a sulphonamide link in place of the amide in navarixin
(2).7% All except one of the published tested compounds shown displayed ICso ([**S]-
GPTyS binding assay) > 0.1 uM with the best performing compounds showing ICsg
([**S]-GPTyS binding assay) = 10 nM, although the identity of the compound was not
disclosed. A subsequent patent was claimed for the choline salt 25 for the treatment of
inflammatory disease, along with a promising pharmacokinetic profile in dog models,

but further development has not been detailed.>’
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Figure 1-19 Other developments of 3,4-diaminocyclobut-3-ene-1,2-dione based
NAMs by pharmaceutical/biotech companies.

Pfizer and Boehringer-Ingelheim focussed their development of modifying ring A of
the squaramide core. Work by Pfizer demonstrated the use of a substituted hydroxy
pyrimidine group in place of the phenol ring.?? A total of 167 examples were given in
the first of these patents published in 2010 and an SAR was conducted around the
ortho-amide moiety. This included several bicyclic systems bound to the amide. Only
a handful of compounds were tested in a neutrophil chemotaxis assay, due to poor
binding affinity towards CXCR2. Potency dropped dramatically with the addition of
cyclic groups, suggesting that large bulky substitutions are not tolerated in the CXCR2
cavity, and more linear substituents are necessary to retain binding affinity. Boehringer
and Ingelheim’s attempts included the use of “carbocycles” as an extension to the
amide moiety on ring A of the molecule. Interestingly, their examples showed some
promising data with 28 showing CXCR2 ICsp = 0.1 nM in a human PMN chemotaxis
assay. The addition of a chiral centre in the bicyclic pyrazine moiety is preferred and
may be the key to further developing tolerable amide group extensions.?°
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Galderma published three patents in 2013 detailing their efforts in developing
squaramide based CXCR2 antagonists.?¢1-264 They focussed efforts on modification of
the chiral ethyl moiety of Navarixin (2) and, to a lesser degree, modification of the
aryl phenol group on ring A of the molecule. Several cyclic systems were tested in
place of the ethyl group a to the 3,4-diaminocyclobut-3-ene-1,2-dione core.

In 2017 Galderma detailed the early development scale-up process for 29, a potent
CXCR1/2 antagonist.?®> The scale-up synthesis describes 29 as a clinical candidate
with good solubility and penetrations properties and suggests that the published work
provided evidence for its use as a topical treatments for acne to begin clinical trials.
The compounds introduce a methyl tetrahydrothiophene ring in place of the ethyl
group of the ring B, compared to navarixin (2), along with the addition of a 2,2,2-
trifluoroethyl substitution to the amide of ring A. Literature related to this compound
have discussed the scale up synthesis and suggests their efforts have been fruitful with
a clinical candidate in the pipeline, although there have been no updated clinical

indications since 2017.
1.7 Thesis aims

This chapter has highlighted the pivotal roles of CXCR1 and CXCR2 in various
neutrophil-mediated diseases and their potential as therapeutic targets. Despite the
challenges faced by current therapeutics in clinical trials, particularly concerning
efficacy, there remains a pressing need for the development of novel treatments.
Furthermore, the complexities of the CXCR1 and CXCR2 axis in disease states
underscore the importance of ongoing research efforts aimed at unravelling the
intricacies involved in their signalling and subsequent disease progression. A deeper
understanding of the roles of these receptors in disease pathogenesis holds promise for
informing future drug design strategies and advancing the development of more
effective therapies. Such selective agents not only offer the potential for more targeted
and effective treatments, but also facilitate in-depth investigations of each receptor's

specific contributions to disease pathology, both in vitro and in vivo.

The recent publication of a CXCR2 crystal structure, bound to the intracellular
allosteric modulator 00767013 (1), has contributed to the elucidation of the binding
mode 3,4-diaminocyclobut-3-ene-1,2-dione class of NAMSs, such as clinical candidate,

navarixin (2). In the absence of a similarly suitable CXCR1 3D structure, this project
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aims to use computational tools to build and refine an accurate and representative
CXCR1 model. With the CXCR1 model in hand, the project aims to rationalize the
preferential binding affinity towards CXCR2 observed for the 3,4-diamino-cyclobut-
3-ene-1,2-dione class of NAMs, such as the clinical candidate navarixin (2). The
project will involve exploring the two target receptors, CXCR1 and CXCR?2, using in
silico methods to investigate their binding sites and rationalize the molecular
interactions that contribute to their demonstrated binding affinity. By rationalizing the
selectivity profile through computational techniques, a series of ligands based on
navarixin (2) will be designed and synthesised. This process will be followed by
building a SAR to elucidate the structural features pertaining to the observed
selectivity and affinity profiles of 3,4-diamiocyclobutene-1,2-dione based IAMs. The
findings from the SAR will form the basis for further development of CXCRI1 and
CXCR?2 ligands, with desirable receptor selectivity profiles, particularly towards
achieving CXCRI selectivity, which has been previously discussed as a potential
adjunct therapeutic in several cancers. These compounds can potentially be advanced
into therapeutic agents for various diseases where modulation of CXCR1 and CXCR2
pathways is beneficial. Additionally, the improved SAR resulting from these designed
ligands may support the development of a diverse range of chemical biology tools.
These tools could include fluorescent ligands, covalent ligands, and proteolysis-
targeting chimeras (PROTAC). These tool compounds could assist in studying the
roles of CXCR1 and CXCR2 in disease models to enhance our understanding of their

involvement in various pathological conditions.
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Chapter 2 — Development and validation of CXCRI1
and CXCR2 models

2.1 Introduction

Rational drug design aims at identifying pharmaceutically relevant drug candidates
based on the target of interest. The introduction of cheminformatics in drug discovery
has vastly improved our ability to explore chemical space via in silico techniques,
where previously medicinal chemistry, combinatorial chemistry and high throughput
screening techniques were relied on. These techniques can be limiting due to time and
cost factors.’’®> Cheminformatics enables the efficient analysis of large chemical
datasets, prediction of compound properties, and the design of novel molecules,
thereby accelerating the drug discovery process and having a more targeted approach
for the identification of drug candidates. Programs employing computer aided drug
design (CADD) predominantly use two methods, structure-based virtual screening
(SBVS) and de novo drug design both requiring three-dimensional structures of the

target 266-269

3D Structural data available for biological macromolecules provide a wealth of insight
into the function and druggability properties of proteins of therapeutic interest.
Structural information can be used for understanding biological processes, target
identification, rational drug design and lead optimisation in CADD. Specifically,
advances in structural elucidation have revolutionised drug discovery by providing
detailed information of ligand-binding pockets and conformational changes associated
with activation and allosteric modulation. X-ray crystallography techniques were often
considered the ‘gold standard’ of 3D structure determination however other techniques
are commonly used such as nuclear magnetic resonance (NMR) and recently cryo-EM
techniques. Historically, the determination of GPCRs have proven to be difficult
owing to their innate complexity and dynamic/flexible nature, leading to a lack of
stability required for crystallisation.?’%2’! Early examples of GPCR structures, such as
rhodopsin, were solved due to their natural stability and unique mechanism of
action.?’>?73 Breakthroughs in key crystallographic techniques, such as liquid-phase

crystallization LPC crystallisation and fusion proteins, led to the structural
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determination of -2 adrenergic receptor (B-2AR) coupled to stimulatory G protein
(Gs) in 2011 and paved way for a golden age for SBDD of GPCRs.?7>274

The advances in crystallographic techniques have catalysed the deposition of GPCR
crystal structures into the protein data bank (PDB?7°). There are 250 unique GPCR
structures currently available, with a growing number of these deriving from cryo-EM
techniques.?’>?’® The introductions of cryo-EM techniques for GPCR structure
determination in 2017 have improved the ability to determine GPCRs in their active
states as complexes (GPCR-G protein and GPCR-arrestin).?’® Often, agonist-bound
structures are in an intermediate state because the active state must be stabilised by an
intracellular binding partner, such as a G protein. Until recently, only two examples of
“true” active state GPCRs were determined from X-ray crystallography, whereas now
11 unique structures are available, which have been determined via cryo-EM 21277
Consequently, there is access to GPCR target structures in multiple states and in
complex with multiple unique ligands, allowing understanding of the molecular basis
for drug affinity. For SBDD, an attractive prospect is the elucidation of multiple
structures of receptors bound to multiple unique ligands. This hope has been realised
in the examples of B-1 adrenergic receptor (B-1AR), B-2AR and adenosine A2A
receptor (A2.R), which have been determined in complex with 14, 14, and 19 unique

ligands respectively.?”?

The current state of GPCR determination after 20 years of revolutionary work have
greatly improved our understanding of GPCR structure and function, excelling the
field of SBDD.?”® As cryo-EM techniques continue to improve, the field is looking at
a future where it will eventually rival X-ray crystallography in all aspects. However,
its current limitations lie in determining smaller proteins such as those in inactive states
bound to antagonists (generally in the 35-40 kDa range), which have yielded low
resolution structures 3.0 - 3.5 A, at best and often lower resolution.2’?28 With current
limitations, the choice of crystallographic technique for determination of GPCRs lies
in the desired outcome. However, there is little doubt that cryo-EM will continue to

improve for smaller protein of higher resolution in the future.?”

Despite the importance of chemokines and their receptors as therapeutic targets, so far
only a few 3D structures have been made available for chemokine receptors. The

advancement of crystallographic techniques led to the deposition of the first
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chemokine class GPCR being deposited to the protein data bank (PDB) of five CXCR4
structures in complex with a small molecule and cyclic peptide antagonists.?®! To date,
only 23 chemokine receptor structures have been determined through NMR, X-ray, or
cryo-EM techniques being from seven unique receptors: CXCR4, CCRS5, CXCRI1,
CXCR2, CCRY, CCR7, CX3CR] 3%55129.132,281-288

As previously discussed in Chapter 1, a putative intracellular allosteric binding site
has been reported for CXCR1 and CXCR2.!**!136 This binding site has been further
evidenced in 2020 by the elucidation of the X-ray structure of CXCR2 in complex
with a small molecule NAM, 00767013 (1), that has a resolution of 3.20 A (PDB ID:
6LFL>%) along with two cryo-EM structures (6LFM and 6LFO°*) complexed with the
downstream G protein and monomeric or dimeric CXCL8 (Figure 2-1).>* 00767013
(1) is structurally similar to the high potency CXCR1/2 NAM, navarixin (2),
containing a squaramide core, and differing by the introduction of a nitrogen into the
salicylamide ring transforming it into a picolinamide. Additionally, an isopropyl
moiety is substituted at the 4-position on the furyl ring and the methyl at the 5-position
present in navarixin (2) is absent. 00767013 (1) occupies a binding pocket consisting
of residues from TM1, TM2, TM3, TM6, as well as the turn between TM7 and HS.
Superposition of the CXCR2 crystal structure (PDB ID: 6LFL>*) with the two cryo-
EM structures (Figure 2-2) shows that the NAM occupies a site overlapping with the
Ga; binding site. Additionally, it appears to restrict the conformational changes of
TM6, TM3 and TM7 required for receptor activation. This evidence suggests the
mechanism of action for receptor inhibition to be, at least partially, a competitive
interaction with the G protein.>* Inspection of the binding site (Figure 2-3) shows key
hydrogen bond interactions between the carbonyl groups of the squaramide core and
D84%4% which is key for the V-shaped pose adopted by the ligand. The carbonyl
groups of the cyclobutene-dione core also have hydrogen bonding interactions with
the backbone of K320%4 and F3213° on the turn between TM7 and HS8. Further
hydrogen bonding is observed between T83%% and the carbonyl of the picolinamide
moiety. The ligand is shown to exist in its ionised phenolate form with a salt-bridge
interaction with K320%4°, and a hydrogen bond with S81%37. The isopropyl furan group
occupy a hydrophobic pocket consisting of V69!-33, V72136 and 173!-*7.54 Key motifs
in the chemokine family of receptors are also present in the binding pockets, R1443-°

of the DRY motif and Y31473 of the NPxxY motif.>*
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Figure 2-1 Structural compassion between inactive and active CXCR2.’* (a) X-ray crystal structure of the intracellular NAM, 00767013
(1)-bound CXCR2 (PDB ID: 6LFL). The inactive state receptor and 00767013 (1) are depicted as green cartoon and yellow spheres
respectively. (b) cryo-EM structure of active CXCL8 (monomer)-CXCR2-CXCL8-G; complex (PDB ID: 6LFM). (¢) cryo-EM structure of
CXCL8 (dimer)-CXCR2-G; complex (PDB ID: 6LFO). Cryo-EM structures are coloured using in the following order: CXCLS (yellow and
grey), receptor (pink), Gaii (orange), GB (blue), Gy (pink).>*
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Figure 2-2 Overlay of inactive 00767013 (1)-bound CXCR2 (Green) (PDB ID: 6LFL)
and active Gi-bound CXCR?2 (pink) displayed from a membrane cross section side (left)
and the intracellular side (right). Depicted is the overlap of the Gai a5 helix (blue) with
the binding site of 00767013 (1) (yellow, red, and blue).>*

GLY
318 GLN

319 GLY
324

PHE
321

Figure 2-3 Residues contributing to the binding pocket of CXCR2 in complex with NAM
00767013 (1), three letter residue codes and numbers show residues contributing to the

binding pocket to achieve the characteristic V-shaped binding mode. Purple arrows denote
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hydrogen bonds and red/blue arrows denote ionic interactions. Image generated in Maestro

(Schrédinger).2

With the addition of 6LFL, 6LF0 and 6LFM>* to the PDB, there is now an ideal starting
point for the CADD for small molecules targeting the NAM binding pocket described in
6LFL.>* The inactive CXCR2 crystal structure contains stabilising modifications in the
form of a scFv16 antibody fragment, along with multiple point mutation. In this case,

modelling tools are often used to reverse engineer and refine the structure.??9-2%3

Two unique CXCRI1 structures currently available are an ensemble of 10 conformers in a
phospholipid bilayer resolved via NMR (PDB ID: 2LNL?*%), and the other is a recent cryo-
EM structure of CXCR1 in complex with CXCL8 and the G; heterotrimer with a relatively
low resolution of 3.41 A (PDB ID: 8IC0%). In this latest example, the G protein binding
pocket is discussed, which has previously shown to overlap with the cyclobutene-dione
series of small molecules.>* Hydrophobic Gaii 13446516 C3516:H523 1,353G:H525 and
Phe3549-H5-26 residues show hydrophobic interactions with TM6 and TM3 of CXCRI.
Other interactions of note are observed between D1443+2 and D150°**¢ in the ICL2 of
CXCRI1, as this region is conserved between CXCR1 and CXCR2. However, the
interactions differ between resolved structures.>>*** This more recent inclusion was not
available for most of the research undertaken. However, efforts were undertaken to include

any evidence that could be garnered from this structure.

Although two unique structures for CXCR1 (PDB ID: 2LNL?*** and 81C0%°) are available,
there are problems for their use in a CADD program. It is widely understood that NMR
structures, such as 2LNL*4, often do not possess high resolutions necessary for the
accurate representation of side chains, which are crucial for binding pose and interaction
prediction in molecular docking studies.?*>*7 Additionally, docking ligands into an
ensemble of NMR conformers can be challenging as it is difficult to determine which
conformer is the most representative structure.?®> In addition, this structure is in an
unliganded state, which has the disadvantage of the protein conformation not being in a
representative position for the binding of IAMs. Such ligands have been suggested to have

2107,138

a negative binding cooperativity with the orthosteric agonist in CXCR and,

therefore, a target CXCRI structure in an CXCL8-CXCR1-NAM complex would be a
better suited starting point for a SBDD project.
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In the absence of a suitable CXCR1 crystal structure for an SBDD project the initial goal
was to identify a suitable template for use in homology modelling techniques. It is assumed
that the CXCR2 structure in complex with a NAM will provide an ideal starting point for
homology modelling. However, other templates will be explored to confirm this
hypothesis. This chapter will aim to model and validate CXCR1 and CXCR2 models. Upon
the construction and validation of these models, molecular docking approaches will be
employed on experimentally validated NAMs to investigate the mode of action for this
class of compounds and attempt to rationalise CXCR2 selectivity over CXCR1 of ligands
such as navarixin (2) described in literature SARs with the aim to use the models in a

SBDD program. 34298

2.2 Methods

2.2.1 Choice of template

The first step in the construction of a CXCR1 model is the choice and analysis of a suitable
template. As previously discussed, 6LFL>*, a crystal structure of CXCL8-CXCR2-NAM
is closely related to CXCR1 with ~77% sequence homology may be an ideal starting point,
but other templates were explored to confirm this. To accomplish this, the canonical human
sequence for CXCRI1 (UniProt*® ascension code P25024) was obtained from the
UniProt?’ server. This sequence was then truncated to remove residues 1-34 from the C-
terminus and 326-250 of the C-terminus, as these are disordered regions that are difficult
to model. Protein basic local alignment search tool (BLASTp?*) was used to find non-
redundant experimental structures in the PDB with a percentage sequence similarity of
>40% (Table 2-1). This search found 9 templates belonging to the chemokine receptor
family, CXCR1 (PDB ID: 8IC0> and 2LNL*%), CXCR2 (PDB ID: 6LFL and 6LFM>%),
CCR6 (PDB ID: 6WWZ286), CXCR3 (PDB ID: 8HNK and 8HNN??) and CXCR4 (PDB
ID: 30E0?%! and 4RWS?%3). Sequence homology should not be the only factor considered
for template choice, instead careful evaluation and inspection is required, guided by the
question you wish to answer with your model. As previously stated, the goal is to develop
a homology model that accurately predicts the intracellular binding pocket for designing
novel small molecules targeting the binding pocket previously described.>*!342%% Analysis
of the available structures shows that only 3 structures (PDB ID: 6LFL>*, 8HNN?%2 and

30E0%!) were available for structures with high enough sequence similarity for
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comparative homology modelling and bound to an antagonist. Further inspection shows
that only 6LFL>* has a NAM bound to the intracellular binding region of interest,
overlapping the interaction site of Go of the G protein, as discussed in Chapter 1. In
addition, whilst 6LFL>* and 6LFM are similar in sequence homology, there is a relatively
large difference when compared to the next highest structure being 6WWZ23¢, which has

a sequence identity of 45%.
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Table 2-1 Summary of available structures in the PDB?**3%! with >40% sequence identity to canonical CXCR1 (UniProt* ascension code

P25024). For each entry the PDB ID, receptor identity, experimental technique, & sequence identity and E value are shown.

Experimental Sequence
PDB ID Identity E Value
technique Identity (%)
CXCRI1 [Homo sapiens] active state in complex with agonist CXCLS8
8ICO_A . cryo-EM 100 0
and Gai
2LNL A CXCR1 [Homo sapiens] in phospholipid bilayer NMR 100 0

CXCR2 [Homo sapiens] in complex with CXCL8 and NAM
6LFL A X-ray 84 1.00E*>
00767013 (1)

6LFM_R CXCR2 [Homo sapiens] in complex with CXCL8 and Gai cryo-EM 87 1.00E-1¢7
6WWZ R CCR6 in complex with CCL20 and Go protein cryo-EM 45 2.00E7¢
8HNK R CXCR3 in complex with DNGi and CXCL11 cryo-EM 43 9.00E"8
8HNN R CXCR3 in complex with SCH546738 cryo-EM 42 1.00E->*
30E0_A CXCR4 in complex with a cyclic peptide antagonist CVX15 X-ray 41 4.00E3
4RWS R CXCR4 in complex with chemokine antagonist vMIP-II complex X-ray 41 5.00E3°
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2.2.2 Refinement and preparation of CXCR2 crystal structure (6LFL)

Refinement of the chosen template is crucial as the X-ray structure determination is based
on electron density and atoms, such as oxygen and nitrogen, are indistinguishable at
resolutions of 3.20 A. This limitation holds significant implications, such as in residues
containing Asn and Gln side chains. These side chains feature both oxygen and nitrogen
atoms and accurately determining the positions of these atoms is crucial for understanding
the local environment and interactions within the protein structure. For instance, in Asn,
the side chain contains an amide group, where the oxygen is a hydrogen bond accepting

species and the nitrogen is capable of hydrogen bond accepting and donating interactions.

An inherent concern with the use of bioengineered GPCRs to improve intractability for
structure determination is the misrepresentation of the native receptor in its biological
environment. In the aim to reverse-engineer the modifications made to 6LFL>* for
crystallisation, the antibody insertion on the ICL3 was removed (residues 1001 to 1196).
Two ICL3 residues (H242 and M243) were absent in the crystal structure and were initially

modelled using Prime Loop modelling in Maestro?8-392

and then refined using the loop
refinement protocol. Additionally, mutations introduced to the crystal structure, W135343,
E249%33 and D30374? were converted back to the canonical CXCR2 amino acids, L1354,
A249%3 and G30374? respectively. The model was processed by the protein preparation
workflow in Maestro®®® to correct common structural problems by adding missing
hydrogen atoms, correcting bond orders to Hetero-containing groups (HET), determining
optimal protonation states for histidine residues, optimising hydrogen bonds and, finally,

performing a restrained energy minimization for the relaxation of bonds, angles, and

clashes.
2.2.3 Sequence alignment and model building

The truncated amino acid sequence of the target, CXCR1 (UniProt ascension code P25024)
was aligned to the chosen template, CXCR2 in inactive bound state (PDB ID: 6LFL*),
and CXCR2 (UniProt ascension code P25025) using the constrained-based multiple
alignment tool (COBALT)*®. Initial alignhment was refined using multiple sequence
alignment of all available chemokine receptor structures available (Section 2.1.1) to

identify key conserved residues across chemokine receptors and inform secondary
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structure positioning. The auto model module in modeller was used to generate 100
knowledge-based homology models of CXCR1. The template, 6LFL contains a single
protein chain (chain ID: A), along with the cyclobutene-dione small molecule, 00767013
(1). The query sequence of CXCR1 was aligned to the template and predictive models
were generated using the automodel class in modeller.’** Initially, models were built
without a ligand in the template alignment, although these models performed poorly during
docking. To combat this, the heteroatom-based function in automodel was utilised in the
script to retain the binding pocket for later docking. Models were optimised for docking
either by use of the protein preparation wizard in Schrodinger?®, or an in-house script for
docking using autodock vina. The top model chosen after validation was further optimised
by loop refinement and energy minimization using the OPLS4 forcefield in Schrodinger

Prime.?%°
2.2.4 Model validation

Most homology modelling programs include an in-built scoring function to rank large
numbers of generated homology models, including modeller, which includes discrete
optimised protein energy (DOPE). As there are several methods to evaluate homology
models, it is crucial to combine multiple methods for more reliable evaluation. A
combination of knowledge-based, physics-based, and docking-based methods were used

to assess models to generate a single model for further investigation.

Models were assessed using DOPE3%*3% and inverse docking using in-house scripts. The
inverse docking script consists of the extraction of 00767013 (1) from the template crystal
structure (PDB IDL: 6LFL>%); preparation of the receptors for docking, using an in-house
script; grid generation based on the position and size of 00767013 (1) and docking of the
ligand into each receptor grid generating binding poses for each receptor. The docking
score is reported and a final manual inspection of the pose to ensures it corresponds to
known binding descriptors from the crystal structure and mutation studies from
literature.>*!** The model with the lowest docking score, whilst having an acceptably low
global DOPE was carried forward. DOPE per residue plots were also inspected to assess
any outlier regions in the predictive model. PROCHECK3%, Molprobity*?” and
SwissModelAssess server’®® were used to assess the quality of models. The model was

manually refined by rotamer and dihedral angle modification in Maestro to fix clashes,
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high energy residues and Ramachandran outliers.?**31® The RMSD between backbone
atoms (Cq, C and N) of the target crystal structure and the models was calculated following

least-squares-fit of the backbone implementing the Super command in PyMOL3!!,
2.2.5 Ligand and decoy set selection

A set of 50 diverse high-affinity antagonists (Ki < 500 nM) reported at each target were
obtained from the GPCR Ligand Association (GLASS) database®!? to be used as active
ligands in a docking enrichment study. The active sets were converted to SDF format using
an in-house script. Using the 50 known antagonists, a set of 1000 drug-like decoys were
generated using the Directory of useful decoys, enhanced (DUD-E)*!? in the absence of
verified decoys sets.>!**!> Decoys are generated with similar physical and chemical
descriptors (molecular weight, number of hydrogen bond donors, number of hydrogen
bond acceptors, rotatable bonds and calculated logP), whilst remaining chemically distinct
using the Tanimoto coefficient between molecular characteristic fingerprints.3!6-318 3D
conformations were generated, and the 1050 ligands were prepared based on physiological

pH (pH 7.4) using LigPrep?® in Maestro in preparation for docking.
2.2.6 Ligand enrichment and model benchmarking

The combined 1000 decoys and 50 active compounds were docked into each receptor using
rigid protein docking using Glide with standard precision (SP) and extra precision (XP)
protocols. Flexible sampling and rigid docking were also assessed for each SP and XP
protocols. All other docking settings were set to default unless stated. Docking grid was
defined as 20 x 20 x 20 A with the binding site defined as the centre of 00767013 (1) in
CXCR2 (PDB ID: 6LFL*%). The performance of ligand enrichment docking was evaluated
through the calculation of the area under the receiver operating characteristic (ROC)
curves. These curves were generated by plotting the true positive rate (TPR) against the
false positive rate (FPR) for each model, incorporating various docking protocols. The

assessment was based on metrics such as the area under the curve (AUC) and logAUC.
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2.3 Development of a CXCR1 homology model

2.3.1 Initial homology modelling

The multiple sequence alignment of CXCR1, CXCR2 and 6LFL (Figure 2-4) displays the
high homology of canonical CXCR1 and CXCR2 corresponding to an identity matrix score
of 76.6% in agreement with expected values, along with secondary structure positions from
GPCRdb.?1?32° The sequence identity further improves when describing the truncated form
of 6LFL and CXCR1, which have an identity matrix score of 85.8%. This is slightly lower
than the truncated form of canonical CXCR2, due to missing residues in the crystal
structure. This further enhances the evidence to use 6LFL as a singular template for the
construction of a CXCR1 model. Residues are highly homogenous in the TM regions, with
the differences mostly lying in the more disordered loop regions. The largest loop is ECL2
consisting of 17 residues in both receptors and only 3 conserved residues (C187, Y188,
and Q189 in CXCR1 C196, Y197, and Q198 in CXCR2). As long loop regions such as
ECL2 are notoriously difficult to model and this loop is not spatially close to the binding
region of interest, no attempts to improve this loop were attempted. It is likely that the
models poorly represent this loop which should be accounted for in further work which

may implicate this region.
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Figure 2-4 Sequence alignment of CXCR2 crystal structure (PDB ID 6LFL>*) displayed

as 6LFL prepared, canonical CXCR2 (UniProt ascencion code P25025) and canonical

CXCRI (UniProt ascencion code P25025). Secondary structure is depicted as blue helices.

Red highlighted regions depict residue identical in all 3 entries.

The models generated from the CXCR2 crystal structure (PDB ID: 6LFL>*) are presumed

to be representations of the inactive state, with CXCLS8 and intracellular NAM bound.
Initial modelling of 100 CXCR1 and CXCR2 models were built based on the CXCR2
template, 6LFL, without influence of the bound ligand (00767013 (1)) found in the crystal

structure. However, initial docking of these unliganded structure with the 6LFL ligand,

00767013 (1), led to the problematic situation of poor or no binding poses being predicted
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in both CXCR1 and CXCR2. Of the 200 docked proteins, only 8 led to successful docking.
Of these, none produced the expected binding pose from the literature.>*!3* Further
inspection of the binding pocket showed an occlusion to the binding site was introduced
by the rotamer change of the 164! residue. To solve this problem, the models were built

with the ligand as described in Section 2.2.3, allowing the binding cavity to be retained.
2.3.2 DOPE scoring to assess model quality

The modeller internal DOPE scoring function was used to determine the 10 lowest scoring
CXCRI1 truncated models (Table 2-2). The table includes the DOPE score of the template,
allowing for the determination of the model that is most alike the template based on the
distance-dependent statistical potential calculated by DOPE. The 10 models shown
fluctuate from DOPE scores of -37736.46 to -37571.93, differing from the template model
with a score of -38333.38. In this sample of models, comprising 10% of the total generated
models, small differences are evident between the models, which is to be expected, given

the high homology between the receptors.
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Table 2-2 Top 10 truncated CXCR1 homology models based on global DOPE assessment
compared to the template (PDB IDL: 6LFL>*).

DOPE scores

Template (PDB ID: 6LFL) -38333.38

[a—

-37736.46
-37681.77
-37638.45
-37636.23
-37627.07
-37597.16
-37578.44
-37576.33
-37572.48
-37571.93

