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Abstract

Type 1 diabetes (T1D) is a disease characterised by the migration of CD8" and CD4" T-cells
to pancreatic islets, where they cause inflammation (“insulitis”) and destroy insulin-
producing beta cells. T-cell targeting drugs have been approved for treating T1D, but are
associated with significant immunosuppressive side effects. Targeting T-cell trafficking to
islets is an alternative strategy that has the potential to minimise such side effects.
Chemokines direct T-cell migration to islets, but the redundancy of the chemokine network
has hindered therapeutic development. Tick evasins neutralise the redundant chemokine
network, with class A and B evasin proteins inhibiting CC and CXC-chemokines,
respectively. Peptides derived from class A evasins are potent inhibitors of chemotaxis. This
work hypothesises that potent chemokine-inhibiting peptides can be identified from class
B evasins. Phage display library screening of evasin B-derived peptides against biotinylated
chemokine targets identified a novel peptide that can bind and inhibit multiple CC and CXC
class chemokines, as determined by in vitro chemotaxis assays. Combinatorial saturation
mutagenesis and phage display selection were used to enhance its affinity for multiple
chemokine targets. RNA-sequencing data from cytokine-stimulated human islets were
used to model the variety of chemokines in insulitis, providing an approximation of their
abundance. The mutated peptide, CM1629, inhibited the migration of CD8" and CD4" T-
cells to this insulitis chemokine pool. CM1629 did not inhibit monocyte migration,
indicating its specificity for T-cells. Mutagenesis resulted in a 19-fold increase in potency
for CM1629 compared to the parental peptide, with CM1629 exhibiting nanomolar potency
against the insulitis chemokine pool and CD8" T-cells. AlphaFold3 modelling reveals that
tryptophan substitutions enhanced hydrophobic inter-chain interactions, suggesting a
mechanism for enhanced potency. CM1629 may be an effective starting point for

developing therapeutics that target T-cell trafficking in T1D.
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Chapter One - Introduction

1. Chapter One - Introduction

1.1 Inflammation

Inflammation is a natural response to tissue damage, pathogenic infection, or irritation!".
Inflammation is a vital component of the innate immune system, triggered by chemical mediators
released by damaged tissue or infectious agents, which aims to prevent the spread of infection
and promote tissue repair™. The Roman physician Celsus first described inflammation and
categorised it by four characteristic signs: redness, heat, swelling, and pain. A fifth hallmark of
inflammation, loss of function, was subsequently added®. There are two primary types of
inflammation: acute inflammation, which is short-term, and chronic inflammation, which is

longer-term.

1.1.1 Acute Inflammation

Acute inflammation is the body’s first response to damage or infection. The acute inflammatory
cascade begins within the first 24 hours of the perturbation®. Key stages of acute inflammation
include the recognition of the insult, the release of inflammatory mediators, the induction of

leukocyte recruitment, and the resolution of inflammation®.

1.1.1.1 Insult Recognition

Tissue-resident immune cells, such as neutrophils, dendritic cells (DCs), and monocytes, are
often the first cells to initiate the inflammatory response (Figure 1.1). These tissue-resident
lymphocytes reside in peripheral tissues and do not circulate®. Resident and circulating immune
cells detect molecules known as danger-associated molecular patterns (DAMPs), which are
produced by cells in response to tissue damage or cellular stress®. DAMPs can originate from the
intracellular compartment of cells (DNA, RNA, ATP, and histones) or the extracellular space

(heparan sulfate and hyaluronan)®. Leukocytes can also detect pathogen-associated molecular
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patterns (PAMPs) in response to bacterial or viral infections”. PAMPs can be a physical
component of an infectious agent, such as a viral coat protein or the flagella of a bacterium.

PAMPs can also be non-human genetic material, such as bacterial circular DNA or viral RNA®),

[ Leukocytes ]
Innate Immune Cells | Adaptive Immune Cells
W o @
X 4 — \\___// 4
. . . . Dendritic Naive Immature
Eosinophil Basophil Neutrophil Monocyte cq" T-cell B cell

| Granulocytes | l | l l

& ' &

N | =
I Differentiated Plasma
Macrophage T-cell cell

Figure 1.1 — Key leukocytes in the innate and adaptive immune responses. Adapted from Janeway’s
Immunobiology (9th edition)®. Figure made in Biorender.

PAMPs or DAMPs are detected by resident leukocytes via their surface pattern recognition
receptors (PRRs)”. Activation of a PRR triggers an intracellular signalling cascade within the
leukocyte. The specific intracellular cascade triggered depends on the identity of the PRR that
has recognised the PAMP or DAMP!"?, The two main subclasses of PRRs are the NOD-like
receptors (NLRs) and the Toll-like receptors (TLRs). NLRs respond to bacterial PAMPs and various
DAMPs, triggering the NF-kB pathway"". TLRs can trigger mitogen-activated protein kinases
(MAPKs) or toll/interferon response factors"”). Pathway activations trigger the recruitment of
transcription factors, further propagating the signalling cascade. Following the activation of

intracellular pathways, leukocytes release inflammatory mediators!?.
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1.1.1.2 Inflammatory Mediators

Inflammatory mediators encompass a range of small molecules, lipids, and proteins released by
leukocytes or tissues in response to inflammation. Examples of inflammatory mediators include
lipids, enzymes, nitric oxide, reactive oxygen species, histamine, members of the complement
cascade, and cytokines®. Inflammatory mediators, such as histamine, can dilate blood vessels

and increase vascular permeability, allowing leukocyte extravasation to inflamed sites.

Cytokines, an important class of inflammatory mediators, can be either pro-inflammatory or anti-
inflammatory and facilitate a wide range of functions!"®. Cytokines are a diverse category of small
signalling proteins that comprise colony-stimulating factors (CSFs), interleukins (ILs), tumour
necrosis factors (TNFs), interferons (IFNs), and chemokines""®. CSFs regulate the production of
leukocytes within the bone marrow during homeostasis and following infection"”). Interleukins
have avariety of roles, but are primarily involved in the differentiation, proliferation, and activation
of leukocytes!"®, Tumour necrosis factors are implicated in leukocyte differentiation, cell survival,
and apoptosis'?. Interferons are a key component of antiviral immunity, promoting the
differentiation of leukocytes®. Chemokines are chemotactic, promoting leukocyte egress to
sites of inflammation through the formation of chemokine gradients®”. Chemokines will be

discussed in more depth in Section 1.2.

1.1.1.3 Leukocyte Recruitment

Leukocyte recruitment to sites of inflammation, also known as chemotakxis, is a crucial step in
the acute inflammatory process and is mediated by chemokines (Figure 1.2)*?. Leukocyte
recruitment begins with the release of pro-inflammatory cytokines, such as TNF-a and IL-18%¥. In
states of homeostasis, the endothelium is smooth and non-adhesive. Pro-inflammatory
cytokines increase the expression of molecules such as ICAM-1, VCAM-1, and E-selectin®.
Circulating leukocytes express complementary adhesion molecules, such as L-selectin®.

Interactions between the adhesion molecules result in leukocytes slowing down and rolling along
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the endothelial surface. This slow roll allows time for stronger interactions to occur, for example,
between B2 integrins on the leukocyte surface and ICAM-1 on the endothelium®. Leukocytes
flatten along the endothelial surface, thereby increasing the area of attachment. Immune cells
can then migrate through endothelial junctions in a process known as diapedesis, facilitating
migration from the circulation to the tissue along the chemokine gradient®”. Migrated leukocytes
may target the pathogen through phagocytosis or the release of neutrophil extracellular traps®®.
Immune cells may also eliminate tissue debris following injury by releasing further inflammatory

mediators. The release of cytokines can further perpetuate the inflammatory cascade or facilitate

the resolution of inflammation®®.

Rolling Binding Diapedesis Migration
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Figure 1.2 - Leukocyte migration. The four stages of leukocyte migration through the endothelium.
Migrating along a chemokine gradient, leukocytes encounter an activated endothelium presenting
molecules such as E-selectin. Leukocytes roll along the endothelium and interact with corresponding
adhesion molecules such as L-selectin. Binding to the endothelium occurs through interactions between

B2 integrins and ICAM-1. Cells then migrate through endothelial junctions to the site of inflammation,
known as diapedesis. Adapted from Janeway’s Immunobiology (9" edition)®. Figure made in Biorender.
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1.1.1.4 Resolution of Inflammation

The resolution of inflammation is a tightly controlled process which marks the end of
inflammation and a return to tissue homeostasis. A key hallmark of resolution is the removal of
the cause of inflammation, such as the infectious agent or the damaged tissue, which has been
repaired or remodelled®, Another feature of resolution is that the production of pro-

inflammatory mediators is halted. Key leukocytes involved in resolution are regulatory CD4" T-
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cells (Tregs). Tregs produce anti-inflammatory molecules that suppress the activation of pro-
inflammatory leukocytes, thereby preventing the formation of further pro-inflammatory
mediators®". Many pro-inflammatory mediators have a short half-life and are rapidly subjected
to cleavage or degradation after synthesis. Chemokines are cleaved, which inhibits their
chemotactic activities. Therefore, once their production has stopped, further leukocyte
chemotaxis is halted®. Remaining leukocytes can re-enter circulation through lymphatic
drainage or are cleared by apoptosis and necrosis. Tissues can re-establish homeostasis
following the resolution of inflammation®®. However, if the resolution of inflammation is not
initiated, tissue damage and inflammation can persist unchecked, leading to the development of

chronic inflammatory diseases.

1.1.2 Chronic Inflammatory Disease

If inflammation is not resolved, chronic inflammatory diseases develop. Chronic inflammation
can develop over years, even in the absence of the original inflammatory signal®. Chronic
inflammation can be caused by a failure to eliminate an inflammatory signal, repeated exposure
toirritants, or a failure to resolve inflammation. If inflammation is not resolved, pro-inflammatory
cytokine production is not ceased, and leukocyte egress is not halted®. Chronic inflammation
and inflammatory diseases can lead to substantial tissue and organ damage. Furthermore,
chronic inflammation predisposes individuals to an increased risk of cardiovascular disease,
cancer, and further inflammatory diseases®. Therefore, chronic inflammatory diseases are

responsible for a vast proportion of worldwide deaths and disability.

Examples of chronic inflammatory diseases include atherosclerosis, non-alcoholic fatty liver
disease, gout and autoimmune diseases®®. Incidence of inflammatory diseases is rising globally,
particularly within Western populations, with this linked to changes in lifestyle factors. Obesity,
chronic stress, an ultra-processed diet, a sedentary lifestyle, and smoking are all linked to an

increase in chronic inflammation®”. Chronic inflammation also increases with age, thereby
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increasing the risk of further disease development and the patient’s disability burden®. Genetic
predisposition also increases the likelihood of developing chronic inflammatory diseases,

particularly autoimmune diseases®®.

1.1.2.1 Autoimmune disease

Autoimmune diseases are a subclass of chronic inflammatory diseases which develop due to a
loss of immunological tolerance. Tolerance is defined as a state where lymphocytes, typically T-
cells, are unresponsive to a self-antigen. Central tolerance is controlled through the positive
selection of leukocytes that weakly bind to self-major histocompatibility complexes, while cells
that strongly bind to self-antigens are negatively selected“?. In a state of immunological
tolerance, leukocytes are exposed to self-antigens throughout their thymic and bone marrow-
based development and selection®”). Self-antigens are presented to leukocytes, and leukocytes

that bind to self-antigens are removed through apoptosis®“?.

Central tolerance is not wholly effective, and many healthy individuals have circulating self-
reactive, also known as autoreactive, leukocytes“®. Peripheral tolerance acts to either destroy,
redirect, or dampen the effects of self-reactive leukocytes. Peripheral tolerance is mediated
through the differentiation of naive CD4" helper cells into Tregs, and by the actions of IL-2 and
TGF-B“¥, Other mechanisms include the exhaustion of T-cells, apoptosis, and processes that

render self-reactive leukocytes anergic, making them unresponsive to self-antigen®.

In autoimmune diseases, tolerance is lost. Leukocytes lose immunological tolerance and begin
targeting self-antigen-displaying tissues, perpetuating an unnecessary inflammatory cascade.
As the initiating inflammatory factor is ‘self’, resolution of inflammation through removal of the
initiating factor is not possible®“®. Genetically susceptible individuals may have mutations in key
components of tolerance, such as the transcription factor FoxP3, which is crucial for the
development of Tregs!*’). Pathogenic T-cell subtypes are involved in the pathogenesis of many

autoimmune diseases“?). Negative selection of T-cells is more stringent than that of B-cells, and
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peripheral tolerance is focused primarily on T-cells. This focus on T-cells is because T-cells can
mediate robust tissue damage“?). Key examples of common autoimmune diseases include
rheumatoid arthritis (RA), ulcerative colitis (UC) and type one diabetes (T1D). T1D will be explored

further in Section 1.3.

1.1.2.2 Anti-Inflammatory Drugs

Natural remedies for alleviating pain and inflammation have been used for thousands of years.
Ancient Egyptians used myrtle leaves to alleviate menstrual pain®”, and Hippocrates prescribed
willow bark for pain management®". It is now known that these remedies contain salicylates, a
drug class that includes the commonly prescribed anti-inflammatory aspirin®. Anti-
inflammatory agents are prescribed to manage chronic inflammation and reduce pain.
Historically, anti-inflammatory drugs have not been specifically targeted at a disease, but rather

at pathways upstream in the inflammatory cascade.

Non-steroidal anti-inflammatory drugs (NSAIDs) are a commonly prescribed class of anti-
inflammatories. NSAIDs prevent the synthesis of a type of inflammatory mediator known as
prostaglandins by inhibiting cyclooxygenases®®). Side effects associated with NSAIDs include
cardiovascular events, gastrointestinal bleeding, ulcers, blood pressure elevation and acute
renal failure®®. Currently, the molecular mechanism underlying this wide range of side effects

remains unidentified.

Colchicineis a neutrophil-targeted therapy used for the treatment of gout, familial Mediterranean
fever, and other inflammatory diseases®. By reducing the responsiveness of neutrophils to
chemokines and other activation signhals, colchicine dampens neutrophil-mediated
inflammation. Colchicine has been associated with gastrointestinal side effects, muscle pain,

muscle degeneration, and long-term kidney damage®®.

Corticosteroids are another widely prescribed class of anti-inflammatory medications®®.

Corticosteroids influence transcription factor production by targeting nuclear glucocorticoid
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receptors, resulting in a range of side effects. Long-term use is associated with
immunosuppression, worsening inflammation over time, osteoporosis, and hyperglycaemia®”.

With NSAIDS, colchicine and corticosteroids, systemic side effects are a result of the drug’s

mechanism of action being widespread and not specifically targeted to a disease state.

There is a clear unmet need for patients suffering from chronic inflammation for targeted
therapies that resolve inflammation without initiating immunosuppression and creating a further
disease burden. As the incidence of chronic inflammatory diseases and autoimmune diseases
rises worldwide, new therapies capable of halting inflammation without systemic side effects are
sorely needed. The pathophysiology of autoimmune diseases is becoming better understood.
New immune-based therapies for autoimmune diseases aim to target, prevent or reduce the

specific inflammatory mediator associated with a disease state.

1.2 Chemokines

Chemokines, as described above, are a family of chemotactic proteins. To date, 46 chemokines
have been categorised in humans®®. Chemokines are produced by immune cells and tissues
during various stages of the inflammatory process and form gradients that leukocytes use as
directional guides to sites of inflammation or injury®®. If inflammation is not resolved and
chemokine production is not halted, chemokines promote further leukocyte egress towards the
site of inflammation. Chemokines also play a pivotal role in maintaining homeostatic leukocyte
trafficking®®, regulating the migration of immune cells through the lymphatic system, including
the spleen, bone marrow, skin, and central nervous system. Therefore, chemokines are vital for
the development and maturation of leukocytes®®). Depending on their spatial location,
chemokines can have dual roles, acting as both inflammatory agents and homeostatic
chemokines, such as CXCL12®?, Chemokines have also been implicated in the development of
cancer. If cancers exploit the chemokine system, they can prevent anti-tumour immune cell

trafficking to tumours while promoting angiogenesis and cellular proliferation®®?.
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Chemokines are approximately 8 to 12 kDa in size and primarily mediate their effects through G-
protein-coupled receptors (GPCRs)®¥. Chemokines have a conserved structure of an a-helix,
three B-sheets, an N loop and an unstructured N-terminal domain (Figure 1.3). The 30s loop links
the B1 and B2 strands, and the 40s loop links the B2 and B3 strands®®. Chemokines are classified
into subfamilies based on their N-terminal cysteine residues, which define their classification.
The most abundant classes are the CC and CXC chemokine classes®®. The CXC chemokine
family can also be subdivided based on the presence or absence of a Glu-Leu-Arg sequence in
the N-terminal region of the chemokine, known as the ELR motif®”. The CX3C and C subfamilies
are less abundant, comprising of only two XC chemokines and one CX3C chemokine in

humans®.

CC Chemokine CXC Chemokine XC Chemokine CX3C Chemokine

® 0@ ® ao0®
@ @ Cy

Figure 1.3 - Chemokine class structures. Illustrative structures of chemokine subclasses based on their
N-terminal cysteine residues. Figure made in Biorender.

Chemokine receptors are GPCRs, with 18 chemokine receptors expressed on leukocytes in
humans. Receptors are named based on the chemokines that bind to them, designated as CCR,
CXCR, CX3CR, and XCR®. Chemokine receptors have a C-terminal intracellular helix, an
unstructured N-terminus, three extracellular loops, three intracellular loops, and seven
transmembrane helices®). Chemokines interact with chemokine receptors at two locations. The
N-terminus of the chemokine binds to the transmembrane helices of the chemokine receptor,
known as chemokine recognition site one (CRS1). The second chemokine recognition site (CRS2)
is located between the globular core of the chemokine and the N-terminus of the receptor®.
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These interactions induce conformational changes in the structure of the intracellular receptor
surface, recruiting G proteins, B-arrestins, and a variety of other components of cellular

signalling”®.

Atypical chemokine receptors (ACKRs) also bind to chemokines. ACKRs act as chemokine
scavengers, removing chemokines from in vivo sites and reducing chemokine abundance in
tissues. Reducing circulating chemokine levels aids in the resolution of inflammation and
prevents chemokine receptor internalisation on other immune cells”". Receptor internalisation
is a cellular defence mechanism to prevent cellular overstimulation by chemokines. To reduce
cellular responsiveness to chemokines, chemokine receptors can become internalised by the

cell”. Chemokine internalisation also acts to reduce the levels of circulating chemokines.

Chemokines also interact with glycosaminoglycans (GAGs) expressed on endothelial surfaces.
GAGs include heparan sulfate, hyaluronic acid and keratan sulfate”®. GAGs are negatively
charged linear polysaccharide molecules, and chemokine interactions with GAGs facilitate
chemokine immobilisation on endothelial membranes”®. Chemokine immobilisation is critical
for establishing chemokine gradients. Recent studies have hypothesised that the sequestering of
chemokines by GAGs on endothelial surfaces is a highly dynamic process, allowing chemokines
to be reversibly released as a ‘cloud’’?. Released chemokines can then interact with passing or
immobilised leukocytes, while reversible GAG binding prevents chemokines from dissociating
due to blood flow and shear stress”. GAGs function primarily to concentrate chemokines at
endothelial sites adjacent to their production. It has been reported that such immobilisation is
vital for leukocyte extravasation in vivo” . Despite this, chemokines can exert their function in

vitro in the absence of GAGs®.

1.2.1 Chemokine Signalling Complexity

Chemokine signalling is inherently complex®® 7. Complexity in a biological system can be
defined by a large number of varied, interconnected components that interact with one another
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dynamically”®. The chemokine network can be considered complex, as it comprises a large
number of varied components, including 46 chemokines of four different classes, which interact
with 18 receptors® 79, Chemokines are interconnected, as they can activate multiple chemokine
receptors on different leukocyte subtypes, as seen with CCL3, which activates the chemokine
receptors CCR1 and CCR5®?, Cryoelectron microscopy has resolved CXCR2 in complex with 15
chemokines®". CXCR2 bound to CXCL1/2/3/5/6/7/8, and this activity was validated using assays
such as G-protein and arrestin recruitment, indicating promiscuity®”. High levels of structural
similarity between chemokines and their receptors may explain this crossover in chemokine
signalling®®. This high level of interconnectivity results in chemokines recruiting multiple types of
immune cells to inflamed tissues®* 8, Additional chemokines are produced by recruited
leukocytes at the inflamed site, prompting the migration of further leukocytes. Therefore,

chemokine production also creates chemokine feedforward loops®?.

Chemokines are rarely secreted independently of one another, and the presence of other
chemokines impacts their signalling. Chemokines can form homo- and heterodimers with other
chemokines®). Homodimers, which are dimers formed by two identical chemokines, form
differently depending on the chemokine class. CXC chemokines form homodimers through
interactions at the 1 strand. CC chemokines form homodimers by interacting at their N-terminal
residues®. Chemokines can also heterodimerise with other chemokines. CC chemokine
heterodimers tend to be activating but cannot bind to their receptors. CXC heterodimers tend to
be inhibitory but can interact with their chemokine receptors®-®), Chemokines, such as CXCL4,
can also form tetramers or higher-order oligomers®’). Homo- and heterodimers provide further
evidence for chemokine network complexity, demonstrating the dynamic interconnectivity of the

chemokine network.

Chemokine synergism is further complicated by the ability of chemokines to activate chemokine

receptors simultaneously or sequentially®®. When multiple chemokines are present together,
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they can synergise, independent of their subclass®. The synergy of chemokines results in
chemotaxis that exceeds what would be expected from the two chemokines independently®©®.
Such activity is difficult to predict from in vitro single chemokine studies, which further

complicates the analysis of the chemokine network®®,

Post-translational modification (PTM) of chemokines impacts their signalling®’. Chemokine
nitration has been proposed as a natural mechanism to prevent aberrant chemokine signalling®?.
Chemokines can also be citrullinated, which is also known to reduce chemokine signalling'®®.
Chemokines can also be cleaved by proteins such as matrix metalloproteinases (MMPs). This
cleavage can be deleterious to their function, as exemplified by CCL2 cleavage®”. Cleavage of
the chemokines CCL15 and CCL23 induces a more ‘active’ version of these chemokines, and
results in an increase in signalling®). Therefore, the chemokine network can be considered a

complex biological system.

1.2.2 Chemokine Network Robustness and Redundancy

The chemokine network is highly complex, as described above, and robust. Biological robustness
ensures that systems remain functional despite perturbations®®. Robustness is a property of
highly evolved systems®®. The chemokine network has existed for over 500 million years, evolving
in early vertebrates from a common ancestor, with chemokine and receptor numbers expanding
through gene duplication events in bony fish and subsequent mammals®”. Furthermore, loss-of-
function mutations have been observed in humans, that exist without impacting the chemokine
network as a whole. CCR5 deletion is associated with HIV-1 resistance®®, and mutations
resulting in a defective CX3CR1 receptor are associated with protection from cardiovascular

diseases®. Such evidence strongly supports the notion that the chemokine network is robust.

Redundancy is a mechanism of robustness. Redundancy in a biological network ensures that
several similarly functioning molecules can exist to replicate the function of another if one fails,
acting to ensure a system’s robustness®®. Robustness can arise from functional redundancy, in
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which molecules do not have to be identical but behave redundantly in a particular context!'°?,
The chemokine network can be considered redundant®19.1%2_Thijs redundancy implies that one
chemokine can act similarly to another in a given inflammatory context, thereby ensuring that
chemokine-mediated inflammation is not disrupted if a single chemokine or chemokine receptor

101

is missing!"®. This redundancy is exemplified by lymphocyte subtypes migrating in response to

several chemokine ligands®®* %3,

Despite this, it has been argued that the chemokine network is highly specific and not

redundant'%4.

Evidence supporting this specificity arises primarily from gene deletion
experiments in mouse models. The deletion of CCR2 has demonstrated specificity for monocyte
migration in inflammation"®), and the chemokine ligands for CXCR3 (CXCL9, CXCL10, and
CXCL11) have been described as having non-redundant activity in mouse models of

(1% Limitations of such experiments include that they are

inflammation and viral infections
performed on inbred mice, which have less diversity in immune cell populations and
abundance'?” "% potentially impacting chemokine network redundancy. Furthermore, mice are

199 which are known to limit immune cell activation and

housed in pathogen-free environments!
result in deficits in immune cell populations, such as CD8" T-cells!"'® """, The environment and

genetic condition of these mice are vastly different from those of humans, who are constantly

112 113

exposed to pathogens!"'? and are genetically heterogeneous'. These limitations should be

taken into account when examining chemokine redundancy in mouse models.

The primary argument that the chemokine network is redundant arises from nature. Many
organisms have developed pan-chemokine inhibitors to target and neutralise the immune
system. Natural selection has enabled organisms to develop mechanisms that evade the
immune system by targeting chemokines. It is hypothesised that the evolution of ways to evade
the immune system of hosts would particularly benefit parasitic organisms, allowing them to

breed and survive®. A type of parasitic worm, Schistosoma mansoni, possesses proteins that
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can bind to multiple classes of chemokines. Such proteins are capable of inhibiting chemokines

114

both in vitro and in vivo"". Viruses, such as herpes, also possess chemokine-binding proteins.

The M3 herpesvirus protein can bind to all chemokine classes and block in vitro chemokine

116

activity""®. Another key example is tick salivary proteins, known as evasins'®. Evasins will be

discussed in more detail in Section 1.6.

If parasitic organisms described above could neutralise the chemokine network by targeting a
small number of chemokines or chemokine receptors, it would follow that natural selection
would have done this. As nature has developed chemokine inhibitors that can target a vast
portion of the chemokine network, it is logical that the chemokine network is indeed redundant.
Another key argument for chemokine network redundancy is the failure of chemokine-targeting

therapies, which will be discussed in Section 1.5.

1.3 T1D

T1D is an autoimmune disease, characterised by progressive beta cell loss within pancreatic

islets. As beta cells are the cell type responsible for insulin production, beta cell loss leads to

(117

hyperglycaemia (Figure 1.4)""""). Patients are therefore unable to respond to raised glucose when

they eat. Symptoms include rapid weight loss, polydipsia and polyuria, among others!"®.
Diabetes was historically diagnosed through the tasting of urine and was described as ‘honey
urine’ due to the excess glucose making the urine taste sweet. The first reported cases date back
to the second century AD, when Greeks noted that a rare condition was causing weight loss,

excessive urination, and rapid death"9,
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Figure 1.4 -Islet human anatomy. Within the pancreas, there are groups of hormone-producing endocrine
tissue called the islets of Langerhans. Islets are composed of alpha cells, which produce glucagon; beta
cells, which produce insulin; and delta cells, which produce somatostatin. Figure made in Biorender.

As untreated T1D results in hyperglycaemia, this disease can result in mortality if not diagnosed

120

rapidly!"®®. Conversely, insulin therapy is associated with hypoglycaemia, with prolonged periods

of low blood glucose resulting in a diabetic coma and death"?". Approximately 4% to 10% of T1D

122-124,

deaths are associated with hypoglycaemic events! ). These deaths occur primarily in young

patients aged 15-301"%). Patients are also at risk of developing ketoacidosis, which accounts for
13-19% of T1D patient deaths?*24126) Due to macrovascular complications, T1D patients also
experience high levels of cardiovascular complications, such as coronary artery disease.

Approximately 50% of female and 70% of male T1D patients have detectable calcification of their

127

coronary artery by the time they are in their mid-40s!"?”. Diabetic nephropathy, retinopathy and

128

neuropathy all impact patients due to microvascular abnormalities'?®. T1D patients have an

average loss of 12 years of life expectancy® 3%, If diagnosed as a child, life expectancy is

reduced by a further two and a half years3?,

Worldwide, less than 1% of the general population has T1D. Incidence rates are rising in European

and sub-Saharan African populations®”, as well as in the Middle East, North America, and

132

Central America'"®?. The global incidence rate is rising at an approximate annual rate of between

2% to 5%!"3¥ or doubling every 25 years'3* %) Due to misdiagnosis and high mortality levels in
countries classified as ‘low-income countries’, it has also been argued that the accurate levels of

136

T1D are underestimated!"®. With underestimated figures, an increased incidence rate, high
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mortality risks, and the impact on patients’ quality of life, T1D is a disease which requires global

attention.

1.3.1 T1D Models

To study T1D and disease pathogenesis, analysing human tissue from pre-diabetic and newly
diagnosed individuals would be ideal. Pancreatic biopsies are rarely performed, and as many
newly diagnosed patients are young children or adolescents, it is often not possible to procure
pancreatic tissue. In 2014, the first-ever study sampling pancreas tissue from adults newly
diagnosed with T1D was published"®”. One patient experienced significant post-operative
bleeding, and two had leakage of pancreatic juice, accounting for 50% of the patients who
underwent surgical resection. A patient also complained that they were not provided with

adequate information regarding the surgical risks. The study was discontinued due to ethical

137

concerns™, Therefore, other models have been developed to study T1D.

Mouse models are commonly used to study a range of inflammatory conditions, including T1D.
The non-obese diabetic (NOD) mouse model spontaneously develops T1D!"*®. The NOD mouse

shares key features of human T1D pathogenesis, including autoantibody development and

139

insulitis (inflammation surrounding pancreatic islets)’®®. The NOD mouse shares genetic

polymorphisms with human disease*?. Pathogenesis in the NOD mouse begins with

autoimmunity, followed by a progressive loss of beta cells, resulting in hyperglycaemia at

141

approximately 12 to 16 weeks of age*". Similarly, to humans, autoreactive T-cells have been

(142, 143

identified as a driver of pathogenesis ). Crucially, successful T1D therapies were first

identified in NOD models, despite being significantly less effective in humans compared to the

mouse(’l44, 145).

Limitations of the NOD model include discrepancies between the contributions of T-cell

(139

populations driving T1D in humans and those in NOD mice!"%. T1D development in NOD mice is

almost entirely linked to females, whereas there is an almost equal gender split in humans!'®).

32



Chapter One - Introduction

NOD mice and all rodent models are interbred. Interbred species lack the genetic diversity of
humans, making it difficult to extrapolate information from mice to a general human
population”), There are inherent differences between the immunology and immune systems of
humans and mice"*®, which have complicated the translation of therapeutic approaches from
the NOD mouse to human trials. Humanised NOD models are also available, which may

139

accelerate the transition from mouse data to human trials!"*®. Other rodent models include the

149)

spontaneous BioBreeding (BB) rat*? and inducible models, such as the streptozotocin-induced

(STZ) diabetic model5?,

Due to the discrepancies between the development of T1D in mice and humans, as well as the
general limitations of mouse models, the investigation of T1D development using human tissue
has been expanded. Databases have been established with pancreatic autopsy and biopsy
samples from T1D patients. The Network for Pancreatic Organ Donors with Diabetes (nPOD) is

151

one such tissue biobank™". Human islet transplants for the treatment of T1D require specialised

islet isolation facilities to extract the scattered islets from pancreatic tissue!’?. If rejected for
transplant, it is possible to gain access to human islets for scientific study®®. Culturing islets
with IL-1B, TNF-a, and IFN-y is a common strategy to mimic beta cell inflammation®*,
Stimulation of beta cells with such cytokine cocktails produces transcriptional signatures similar

to those observed in beta cells from T1D donors®®.

33



Chapter One - Introduction

Table 1.1 - T1D models, their strengths and limitations

Type 1 Diabetes Model Strengths Limitations

Shared genetics with human

T1D, spontaneous disease Expensive, inbred strains
NOD mouse development, treatment lacking genetic diversity, sex
translated from NOD to differences
human

. Potential off-target toxicity,
Inducible model, less .
STZ rodents . does not fully recapitulate
expensive ) )
autoimmunity

. . Limited access to tissues,
Human tissue, understanding | ) o
fixed static samples, variation

T1D cadaveric samples of disease heterogeneity, .
] . between time course of
tissue biobank .
diabetes
Human tissue, cytokine- Complicated islet isolation,
Cytokine-stimulated human stimulating mimics hypoxia reperfusion injury of
islets transcriptional T1D islets when isolated, variation
signatures between donors

1.3.2 Pathogenesis of T1D

T1D is characterised by autoreactive T-cell destruction of insulin-producing beta cells within
pancreatic islets®®. T1D can be categorised into three stages (Figure 1.5). However, the exact
aetiology of T1D is unknown and complex. Newborn studies in genetically susceptible families
suggest that the autoimmune process may begin in children as early as 12 to 18 months of age!">”

159

'%8)_ Beta cell dysfunction may precede T1D diagnosis by more than five years!"*®. Upon diagnosis,

patients can have lost 90% of their functional beta mass, depending on their age at diagnosis®
8", If diagnosed as teenagers or older, patients can retain ~50% of their beta cell mass"®?. This
insulin-producing beta mass may allow patients to experience a brief remission period when
insulin treatment is initiated"®®. T1D disease progression is also heterogeneous, as the age of
diagnosis influences the rate of beta cell loss. Rapid beta cell decline is often observed in children
and adolescents, whereas diagnosis in adulthood is typically associated with a more gradual

decline in beta cell mass!'®.
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Figure 1.5 - The stages of T1D. Type 1 diabetes (T1D) is characterised by three stages, where beta cell
mass gradually declines untilinsulin therapy is required. Before symptom onset, patients are atrisk for T1D
due to environmental and genetic factors, and T1D can be triggered by an event such as a viral infection.
Stage one of T1D is characterised by auto-antibody positivity and normoglycemia. Stage two of T1D is
characterised by dysglycemia and progressive beta-cell decline. Stage three of T1D is characterised by
hyperglycaemia requiring insulin. Adapted from the TrialNet ribbon ®), Figure made in Biorender.

Several factors contribute to the pathogenesis of T1D. T1D is highly heritable, primarily due to
genetic polymorphisms in human leukocyte antigen (HLA) genes®®. Alongside this, an
environmental perturbation is required for T1D development, such as aviral infection®”). Growing
evidence also suggests that beta cells are specifically vulnerable to stress, which may predispose
beta cell components to become the target of autoantibodies!"®®. Inflammation within the islets,
also known as insulitis, is a hallmark of T1D, and beta cell stress contributes to the development
of insulitis"®¥. Autoreactive T-cells that have escaped thymic selection can then target beta cells.
Not all pathways described below will explain T1D development in all patients; a combination of

factors likely explains the pathogenesis"®.

1.3.2.1 Genetic Factors in T1D

While GWAS evidence has identified over 60 genetic loci associated with T1D in Caucasian
populations, genes located in HLA regions have the most significant effect on genetic

susceptibility’?. HLA genes are part of the major histocompatibility complex (MHC), which
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enables immune cells to distinguish between self and non-self. HLA proteins are found on the
surface of almost all tissues within the body, displaying peptide epitopes"’". Displayed epitopes
are typically produced through phagocytosis and processing of ‘non-self’ foreign bodies. Antigen-
presenting cells (APCs) present peptide epitopes to other leukocytes, providing activation signals
and facilitating the differentiation of leukocytes. APC subtypes include resident or circulating
macrophages, DCs, and B cells!"”?. The gene regions responsible for encoding the HLA system
are highly polymorphic. This polymorphism allows for immune responses to be mounted against

a variety of rapidly evolving microbial pathogens"”?.

Approximately 40% of the genetic risk for T1D is associated with the HLA class Il locus, which is

749, Class | HLA proteins present

responsible for providing activation signals to CD4" T-cells'
peptides to the MHC class | complex on CD8" T-cells, whilst class Il HLA proteins present
peptides tothe MHC Class Il complex on CD4* T-cells""”®. In T1D and other autoimmune diseases,
HLA genes are linked to disease development due to the presentation of ‘self’ epitope peptides,
which activate immune cell populations and trigger an autoimmune cascade!"’®. Molecular
mimicry may also play a role here, with viral epitope presentation potentially triggering islet

77, However, molecular mimicry has not been

autoimmunity through antigen cross-reactivity!
established as a causative factorin T1D, with research on this topic being highly controversial'’®.

HLA polymorphisms within the HLA class | locus have also been associated with an increased

risk of T1D, highlighting the role of cytotoxic CD8" cells in the development of T1D!"79),

Other genetic variants not associated with HLA impact on the risk of T1D. Many of these genes
are associated with beta cell function or T-cell function. The insulin gene has been linked to the
genetic risk of T1D. If proinsulin or insulin is not expressed well in the thymus, insulin-
autoreactive T-cells are more likely to escape selection'® '8 Other linked genes include CTLA4,
IL2RA, and PTPN22, all of which are associated with T-cells"®?. Taken together, genetic evidence

highlights the crucial role of the adaptive immune response in the development of T1D.
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Due to the well-characterised genetics of T1D, genetic risk scores can now be calculated with
high levels of accuracy. Based on 67 single-nucleotide polymorphisms, T1D could be identified

183

in the UK Biobank with an area under the curve of 0.92!'®), Risk scores can contribute towards

disease prediction, which is vital for surveillance and early treatment intervention.

T1D-associated haplotypes are present in approximately 95% of T1D patients'®¥. Only 5% to 15%
of those with T1D-associated haplotypes will go on to develop T1D themselves in the general
population’® 8% Therefore, environmental factors, in addition to genetic risk factors, are

required for the manifestation of T1D.

1.3.2.2 Environmental Factors

Whilst strongly predictive, genetics and even the presence of autoantibodies (Section 1.3.2.3) do
not definitively predispose the development of T1D. A key observation indicating the importance
of environmental factors is that individuals migrating from a low-incidence T1D country to a high-

incidence country have an increased risk of developing T1D'8¢8),

Suggested environmental risk factors have been identified primarily through epidemiological
data. Factors proposed include the gut microbiome, which is also being investigated for a whole
range of autoimmune diseases. Low levels of vitamin D and other dietary factors are being

89 Not all environmental factors are negatively associated with T1D. Examples of

investigated'
protective environmental factors include omega-3 fatty acid intake, extended breastfeeding
periods, and intestinal microbiome diversity'®® '°", These environmental factors have not yet
been extensively studied. The difficulty in defining causative factors in T1D may be explained in

164)

part by the heterogeneity of T1D®%.

The most studied T1D-linked environmental factor is viral infections, particularly enteroviruses,
which are associated with T1D development. Epidemiological data from coxsackieviruses (CVB)
and the onset of T1D suggest a linkage, with many children with T1D having serological evidence

of an enteroviral infection®”- 1929 Evidence of an increased risk of T1D was observed following
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CVB1 infections!"®. T1D diagnoses peak during the winter months, which coincides with the peak

195

incidence of viral infections'®®, However, definitive causal relationships between viral infections

and beta cell autoimmunity have yet to be established due to conflicting evidence. Analysis of

pancreatic autopsy samples reveals limited evidence of viral infections'®.

The mechanism of viral infections leading to beta cell autoimmunity has also yet to be
established. Viral infections may also exacerbate beta cell endoplasmic reticulum (ER) stress.
Viral infections may increase the demand for insulin, adding metabolic stress to the beta cells
and initiating the development of T1D"9”. While mouse models have been used to attempt to
prove these hypotheses, a molecular mechanism based on human data remains undefined"®.

The evidence for viral involvement in T1D remains controversial.

1.3.2.3 Autoantibody Development

Autoantibody developmentis a hallmark of T1D and is highly predictive of T1D development. The
best-characterised autoantibodies in T1D recognise the insulin B-chain peptide (I1AA), glutamic
acid decarboxylase 65 (GADA), insulinoma-associated protein 2 (IA-2A), and zinc transporter 8
(ZnT8A)"*°_ Autoantibodies can be measured rapidly in patients’ serum, allowing for the testing
of genetically susceptible families®®. The time from seroconversion (the presence of
autoantibodies) to the onset of T1D is highly heterogeneous and depends on the number of
autoantibodies present. A person with a single autoantibody is at a low risk of developing T1D. If
two or more autoantibodies are present, particularly over multiple tests, there is an almost 100%

chance of developing T1D®",

Autoantibodies are not a major driver of beta cell death on their own. Islet-specific
autoantibodies can be transferred from a mother with T1D to their foetus®?®?, and these children
have a similar risk of developing T1D if they have a father with T1D, without transfer of

autoantibodies. This data provides evidence that autoantibodies passed from mother to foetus
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203

do not damage the foetal beta cells®®®. However, as antibodies are predominantly beta cell-

specific, the presence of multiple autoantibodies can represent beta cell damage and insulitis.

1.3.2.4 Insulitis

Insulitis is defined as an inflammatory infiltrate surrounding pancreatic islets containing 15+

204,

immune cells (defined by the CD45 cell marker) present in at least three islets®*. Upon
diagnosis, T1D patients have insulitis in 10% to 30% of their insulin-positive islets®®. Meta-
analysis indicates that insulitis is present in 73% of newly diagnosed patients aged 0-14 years,
compared to 29% in those aged 15-39 years®®® 27 As insulin-positive islets can be present in
patients up to 50 years post-diagnosis of T1D, insulitis-mediated destruction of beta cells is

(208, 209

heterogeneous ). In both newly diagnosed and long-term T1D patients, islets without beta

cells are present (pseudo-atrophic islets) and may constitute a significant proportion of the islet
mass. Insulitis is rare in these insulin-negative islets, with the majority of insulitis occurring in
islets containing beta cells®'®2'"", This pathology data indicates that insulitis occurs steadily over

a long period in T1D, affecting beta cells asynchronously.

Insulitis is problematic to study from human samples. Islets represent only two percent of the

(212

pancreas®®'?, and islet biopsies are infrequently collected due to the side effects of the surgery.

137

As insulitis is transient, biopsies may miss instances of insulitis"*”, Therefore, the NOD mouse

has been used extensively to model insulitis. Insulitis is more extensive in the NOD model thanin

214,

humans®"- 23 with insulitis in BB rats more closely resembling human insulitis®'. Inferences

regarding insulitis from rodent models should be interpreted with caution.

Insulitis induction occurs through the activation of PRRs on beta cells. Human islets exposed to
IL-1B and IFN-y, or infected with CVBs, can upregulate TLR3, RIG-I, and MDA-5(%2'%_PRR ligands,
such as dsRNA from damaged beta cells, can also interact with TLR3, activating transcription
factors like IRF-3 and NF-kB. These transcription factors stimulate beta cells to produce type |

216-218,

interferons, chemokines, or trigger apoptosis through ER stress! ). The production of IFN-a
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and IFN-B results in the activation of the STAT-1 transcription factor, which further stimulates the
production of interferon and chemokines, as well as the overexpression of MHC molecules®'7:219),
Apoptosis of beta cells amplifies insulitis by providing further danger signals to surrounding beta

cells.

Beta cells are uniquely susceptible to stress due to their high metabolic burden and the quantity

220,

of insulin they secrete. In T1D, the genetic markers of ER stress are CHOP and BiP**°. Response

to inflammatory cytokines or viral infections can trigger ER stress and apoptosis in human beta

221, 222)

cells! . The overload hypothesis theorises that environmental pressures may cause

197)

excessive strain on the beta cells, which sensitises them to autoimmunity! ER stress can

trigger beta cell dysfunction, rendering cells unable to convert proinsulin into its active form,
insulin. Misfolded insulin may also accumulate in the ER during periods of stress*?®. Misfolded

insulin may be more antigenic than native insulin, further predisposing stressed beta cells to

immune targeting!'®®.

Beta cell antigens, such as proinsulin, are recognised by APCs. Once processed, the antigen can

224,

then be presented via class Il MHC molecules to T-cells??¥, Beta cells and activated lymphocytes

225

produce additional chemokines and cytokines®®. Chemokine production recruits leukocytes

from pancreatic lymph nodes, which in turn produce additional inflammatory mediators, thereby

226,

perpetuating further beta cell destruction®®, Therefore, chemokines act as vital mediators in the

feedforward loop of insulitis.

A key step in the development of T1D is the loss of central and peripheral self-tolerance, resulting
in the formation of autoreactive T-cells that recognise beta cell antigens. Autoreactive T-cells are

227 and will be discussed in Section

considered the main effectors of beta cell destruction'
1.3.2.5. Insulitis can also be characterised by defects in peripheral tolerance, including impaired

Treg function, which genetic polymorphisms can influence in genes such as IL2RA, CTLA4, and

IL-1029)
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During insulitis, insulin-positive beta cells exhibit abnormal patterns of insulin release. Data from
NOD mouse models demonstrate that beta cell dysfunction occurs during insulitis. Islets from
NOD mice can regain their regular pattern of insulin secretion when isolated and cultured in vitro

229 Crucially, this has been

for seven days, free from the inflammatory milieu of insulitis'
replicated using human samples. Beta cells taken from T1D organ donors had preserved insulin
release when stimulated with glucose. However, their first-phase insulin release was
defective®®, Islets isolated by biopsy from newly diagnosed T1D patients recovered their
function when cultured®"). Due to the islets’ ability to regain their first-phase insulin release at

this stage, this may represent a key targetable stage in the development of T1D, if patients can be

identified who retain a significant proportion of their beta cell mass.

1.3.2.5 Beta Cell Death and T-cells

The most common infiltrating cell type in insulitis is the CD8" T-cell®?. Alongside T-cells being
the focus of thymic selection to prevent autoreactive T-cells, they also require three activation
signals to differentiate into effector cells. Naive autoreactive CD8" cells can home to sites of
insulitis from pancreatic lymph nodes, where they first encounter antigens displayed on APCs®®*
24 CD8* T-cells can then receive co-stimulation and cytokine exposure from resident APCs®@%:
236 CD8" cells can then home to sites of insulitis by following chemokine gradients created by
beta cells and recruited leukocytes®”-2%®, Stressed beta cells upregulate the display of beta cell
antigens via their MHC class | molecule, providing the antigen stimulus®®. Activated
autoreactive CD8" cells can then mediate direct beta cell killing through the release of TNF-q,
IFN-y, FASL, and perforin®®2%_QOther beta cells then display the released beta cell antigens,

243

making themselves targets for the now-activated autoreactive CD8* cells®®. The positive

feedback loop can now propagate, with more insulitis yielding more beta cell death (Figure 1.6).
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Figure 1.6 — Beta cell death in T1D. Exposure to a viral infection or beta cell debris triggers an intracellular
signalling cascade in beta cells. Transcription factor production leads to the upregulation of MHC class |
molecules, the production of chemokines and cytokines, and ER stress. Beta cell antigens are presented
to APCs, providing activation signals to CD4" and CD8" T-cells. Autoreactive CD8" T-cells can migrate from
the pancreatic lymph nodes to the site of insulitis, producing more cytokines and leading to beta cell
apoptosis. Adapted from Eizirik et al!">¥. Figure made in Biorender.

244 Autoreactive CD4" cells

Autoreactive CD4" T-cells also play a role in the development of T1D!
can be exposed to beta cell antigens, via APCs, in the pancreatic lymph nodes during
circulation®®, This exposure can differentiate naive CD4" cells into distinct CD4" lineages. CD4*
Th1 cells are pro-inflammatory and enhance antigen presentation in the pancreatic lymph nodes.
Th1 cells then migrate to the pancreas, secreting pro-inflammatory cytokines that induce beta
cell death®*®, CD4" T-cells play a pivotal role in presenting antigens. Both autoreactive CD4" and
CD8" cells have been identified in T1D patients. CD8" autoreactive cells that recognise insulin,
IA-2A, and GAD65 have been identified in T1D biopsy samples®”. CD4" cells cultured from
pancreatic islets were shown to recognise proinsulin peptides®*®. GAD65 autoreactive CD4" cells
and IGRP autoreactive CD8" cells have been detected in the circulation of T1D patients who
received pancreas transplants. The presence of these autoantibodies was associated with T1D

recurrence in these patients®9,
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Adoptive transfer experiments using the NOD model have significantly contributed to the
understanding of the pathogenic roles of T-cell populations in T1D. Transferring immune cell
populations from NOD mice to NOD mice with severe combined immunodeficiency (SCID),
which have no functioning immune cells, has aided understanding of which immune populations
are required for T1D development (Figure 1.7). The majority of evidence indicates that both CD4*
and CD8" cells are required for T1D development®®. However, studies have shown that CD8"
cells can induce diabetes in NOD-SCID mice, even in the absence of CD4" cells®®". The
requirement for CD8" cells in T1D was also confirmed in adoptive transfer experiments using the
BB rat model®?. MHC class I-deficient NOD mice were resistant to T1D, again implicating the
role of CD8* T-cells in T1D pathogenesis'®* %, In the absence of CD4" cells expressing the MHC
class |l molecules, T1D progression was slowed, and CD8" cells did not achieve ‘optimal’ effector
functions’®*, Information gathered from mouse models and human data has rapidly advanced
the understanding of insulitis and beta-cell death, guiding the development of new treatments

for T1D.
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Figure 1.7 - Adoptive transfer experimental overview. Adoptive transfer experiments are commonly used
to determine which immune populations can transfer type 1 diabetes (T1D) to a mouse model without a
functioning immune system. Immune cells are isolated from non-obese diabetic (NOD) mice and
transferred into an NOD mouse with severe combined immunodeficiency (SCID). The transfer of CD8" T-
cells results in the development of T1D. The transfer of both CD8* and CD4* T cells also contributes to the
development of T1D. The transfer of CD4" T-cells or autoantibodies alone fails to result in T1D development
in NOD SKID mice. Figure made in Biorender.

1.3.3 T1D Treatments

Historically, glycaemic control has been the primary aim in the management of T1D, to minimise
further complications in patients®®. In the era of immune targeting therapies, the aim of T1D
treatments is now focused on prevention or delay. While the prevention of T1D has not yet been
possible, the discovery of new treatments has demonstrated that it is now possible to delay the

development of stage three T1D (Figure 1.5)?%,

In studying T1D clinical trials, the endpoints typically include C-peptide levels. C-peptide is
cleaved from proinsulin during the production of insulin by the beta cell. Therefore, C-peptide is

257

used as a proxy for insulin production or beta cell function®”). Standard endpoints to measure

key aspects of blood glucose control also include a patient’s insulin dosage to achieve glycaemic
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stability, their glycated haemoglobin levels (HbA1c), and the number of hypoglycaemic events®®®

259)

1.3.3.1 Insulin Therapy

Treatments for patients with T1D have primarily focused on insulin therapy. Historically, this was
the only treatment that extended a patient’s life. Injectable insulin revolutionised T1D treatment,

preventing death by ketoacidosis and reducing the risk of macro- and microvascular

(260

complications®®®, Subcutaneous insulin is injected several times per day, but patients may still

261)

experience hypoglycaemic episodes and may necessitate further treatment New

technologies, such as insulin pumps, can automatically inject insulin and have been associated

262) Continuous

with improved glycaemic control and a greater sense of well-being in patients'
glucose monitoring devices, available on smartphones, have also revolutionised glucose
management and eliminated the need for capillary sampling®®. It is worth noting that such
devices require frequent changing, are not without discomfort for patients, and induce a mental
health burden on patients due to the level of self-management required®®. The development of
insulin analogues has enabled longer-acting insulin therapies, resulting in fewer insulin

infusions?%®,

1.3.3.2 Islet Transplantation

Islet transplantation is indicated as a treatment option for T1D patients who have recurrent

266,

episodes of severe hypoglycaemia and are nonresponsive to other medical interventions®®, |slet

transplantation is considered safe, minimally invasive, and can result in long-term glycaemic
control with minimal hypoglycaemic events post-transplant®®®”- 2¢8), Patients’ quality of life has
been vastly improved post-transplant due to improvements in T1D symptoms and reduced

insulin requirements®9,

However, there is a limited supply of donor pancreases that fit the requirements for transplant.

270,

Islet isolation is a technically complex process that requires specialist centres®®. Only a small
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number of islets survive transplantation, meaning that an excess of islets is required when

transplanted. Inflammation and hypoxia are primarily responsible for the rapid and progressive

271

loss of beta cells post-transplant®”, Islet isolation places a large amount of stress upon the beta

cells due to mitochondrial dysfunction, ER stress, ischemia, and slow revascularisation®”?,

Isolated islets from at least two pancreases are required to transplant enough islets to a

273

patient®®, Currently, there is not enough human tissue to treat all patients who could benefit

from islet transplantation. Approximately five years post-transplant, only 50% of patients

274)

maintain insulin independence! Immunosuppressive medications are required with

275

transplantation, and side effects bring harm to the patient’s quality of life®”®. Currently, islet

transplants are not curative for T1D.

To expand the number of available islets, stem-cell-derived beta cells (SCBCs) have been

276,

suggested as a transplant option®”®. New protocols have enabled the differentiation of mature

276)

beta cells, demonstrating mature cell markers®®. Transplanted SCBCs have effectively

controlled blood glucose in animal models. A clinical trial evaluating the efficacy of a single

infusion of SCBCs in T1D demonstrated improved glycaemic control and eliminated the need for

277)

insulin®”, A further trial demonstrates interim one year outcomes in a phase one trial of

transplanted SCBCs, showing improved glucose control in patients®®’®,

SCBCs could even be created from a patient’s cells and transplanted in an autologous

279

transplant®’®. Such procedures would remove the need for immunosuppressive medication.

With autologous SCBCs, there is arisk that the patient’s immune system could once again mount

280

a response and target the transplanted ‘self’ beta cells®?. This risk can be mitigated by

281

transplanting the cells in a protective capsule®". All described therapeutic avenues are being

intensely studied.
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1.3.3.3 T-cell targeted therapies

The first immune-targeting therapy for T1D was cyclosporine. Cyclosporine is an inhibitor of a

282)

protein phosphatase, called calcineurin, which is required for T-cell activation®?. Newly

diagnosed patients briefly went into remission but relapsed post-treatment. Due to the side
effects of cyclosporine, such as cancer and nephrotoxicity, long-term usage was prohibited®?.
Autologous hematopoietic stem cell transplant (HSCT) has also been investigated as a potential
treatment to reverse T1D. The immunosuppressive regimen post-transplant included anti-
thymocyte globulin (ATG), which targets T-cells®®*. Initial evidence was promising, with 20 out of
23 patients being insulin-free four years post-transplant. Only 3/23 patients remained insulin-free

six years post-transplant®®. Whilst disappointing, such therapies provide robust evidence

behind the pathogenic role of T-cells in the development of T1D.

To prevent beta cell death after islet transplantation, various immunosuppressive regimens have
been trialled. Insulin independence at one year post-operation has improved from 10%?%® to 58%
using the Edmonton protocol®”). This protocol included daclizumab, an anti-CD25 antibody that
targets activated T-cells, an mTOR inhibitor that blocks IL-2 signalling, and a calcineurin inhibitor
(described above). The targets of these three drugs are components required for the activation of
cytotoxic T-cells. Despite this, chronic immunosuppression remains an issue for patients

following transplantation(®®,

Teplizumab is the first FDA-approved treatment for prolonging the time patients spend in stage

two of T1D, before progressing to clinical stage three, where insulin therapy is required®9.

Particularly in young patients, the time before stage three development is associated with a

290

considerable improvement in quality of life and a prolonged lifespan®?. Patients who received

teplizumab, on average, took 48.8 months to develop stage three T1D, which is twice the time

compared to the placebo group®°.
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Teplizumab is an anti-CD3 monoclonal antibody administered as a two-week infusion4®,

Teplizumab binds to the CD3/TCR complex present on T-cells, resulting in apoptosis or the
development of tolerance. The exact mechanism of action is unknown, but teplizumab is
believed to prevent the expansion of autoreactive CD8" cells and promote an exhausted, anergic
phenotype of CD8' cells, while retaining Treg activity®". It has been reported that an
immunological response persisted in a subset of patients at seven years post-treatment,
characterised by an increased frequency of anergic CD8" cells expressing the inhibitory receptor

PD-10%2),

A variety of studies in phase two and phase three clinical trials have demonstrated that
teplizumab can prevent a decline in beta cell mass, preserve C-peptide levels, and result in
reduced insulin needs in newly diagnosed T1D patients®?* %% Teplizumab is well tolerated when
administered as one or two 14-day infusions. The most common side effects include a rash,
nausea, and lymphopenia, which are typical signs of low-grade immunosuppression('45293-2%)_|f
teplizumab were to be administered more frequently, there is a risk of patients developing more

significant immunosuppression. Therefore, further infusions are unlikely to be trialled.

Further T-cell targeting therapies include a low dose of ATG, which is purified rabbit serum that
contains cytotoxic 1gG antibodies against T-cells. ATG was seen to slow the rate of beta cell
decline but may be inferior to teplizumab, as repeated exposure may cause serum sickness®?,
Alefacept is a protein that binds to the costimulatory CD2 molecule on effector T-cells. Despite
beneficial effects, including reduced insulin requirements, at 12 months post-treatment, there

was no effect on C-peptide levels compared to placebo®®®

). Abatacept is a CTLA-Ig fusion protein
that prevents stimulation of the T-cell CD28 molecule. Again, despite beneficial early data’®?,

abatacept failed to delay the progression of T1D in humans®®),
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1.3.34 Other Immune Targeting Therapies

Other immune targets have been investigated for T1D. Rituximab, an anti-CD20 monoclonal

antibody targeting B-cells, was trialled in recent-onset T1D patients. After two years, there was

301

no difference in C-peptide levels between the treatment and placebo groups®". Infusions of

isolated and expanded patient Tregs have demonstrated good safety and tolerability profiles®°?.

Treg therapies aim to re-establish tolerance by using the Tregs to suppress autoreactive T-cells.

Only 50% of patients retained their insulin production two years post-treatment in a phase one

303

trial®®). Treg therapies were then trialled combined with low-dose IL-2, a cytokine required by

both cytotoxic CD8" cells and Tregs for their development. The addition of IL-2 resulted in off-

304

target expansion of CD8" cells®?. Rituximab was also investigated alongside Treg therapies,

which demonstrated superiority in maintaining T1D remission compared to either monotherapies

and is being investigated further®,

Targeting inflammation has had modest success. Targeting TNF-a has been investigated using

308 Golimumab has

anti-TNFa monoclonal antibodies such as golimumab and etanercept!
demonstrated preserved C-peptide levels compared to placebo at a two year follow-up and is
now being further investigated®®”. Baricitinib, a JAK1 and JAK2 cytokine inhibitor, demonstrated
significantly higher C-peptide levels than the placebo at 48-week follow-up, but it did not affect
HbA1c®%®, Imatinib, a small tyrosine kinase inhibitor, also showed preserved C-peptide levels
compared to the placebo at a one year follow-up, but no effect was observed at a at two year

follow-up®®,

The treatments described above have been curative or shown significant effects in rodent models
of T1D. Rituximab reversed T1D in the NOD mouse®'?. Treg therapies reversed T1D in the NOD

(311)

mouse®, and a CD3-antibody reversed T1D in the NOD mouse!'*). Despite the promise of

treatments in NOD models, current T1D treatments do not yet prevent the development of
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diabetes in humans. Teplizumab and low-dose ATG remain the most effective current treatments,

according to a recent meta-analysis, but the risk of immunosuppression was noted®®),

Trialling a combination of therapies is how a significant source of investigation, but this is limited
by the need to have individual clinical trials for each treatment to meet safety requirements. Due
to pharmaceutical companies’ reluctance to test their drugs against competitors, gathering
information on the effectiveness of one treatment compared to another remains challenging.
Pharmaceutical companies may not be enticed to enrol their drug in a combination trial if their
competitor’s monotherapy appears more effective, despite the potential success of the
combination therapy. It also remains a concern that most clinical trials compare a treatmentto a
placebo, rather than to another treatment. Therefore, T1D patients are limited in their current
treatment options. Immune-targeting therapies should be explored to avoid

immunosuppression.

1.4 The Role of Chemokinesin T1D

Pathogenic autoreactive T-cells have been identified as the primary perpetrators of beta cell

227)

destruction! Targeting T-cells using teplizumab has yielded modest success in T1D

treatments, delaying the progression of stage two T1D to stage three for an average of 48

292)

months®?, Due to the risk of immunosuppression associated with further infusions of

teplizumab, investigating mechanisms to target T-cells within the islet microenvironment may be

beneficial for T1D patients. Disrupting the T-cell chemokine axis is a proposed pathway®©'?,

Chemokines have been implicated in the pathogenesis of T1D (Table 1.2)¢'?. However, deducing
the role of specific chemokines in T1D is a complex process. In T1D, chemokines are produced
by beta cells, alpha cells and delta cells within the islets in response to the insulitis

(154

microenvironment. Recruited immune cells also produce chemokines®¥, Chemokines can be

profiled using techniques such as ELISA using peripheral blood samples. An increase in
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chemokines associated with CD4* Th1 T-cells, such as CCL3 and CXCL10, can be detected in the
serum of recently diagnosed T1D patients®'®3'®_ CCL3 levels found in serum were correlated with
a decline in C-peptide in T1D patients, but there was considerable overlap in chemokine

expression between T1D patients and control subjects®'®

). The pathogenic process of T1D occurs
in the islet microenvironment and the draining lymph nodes within the pancreas®®.
Approximately two percent of the pancreas tissue is composed of islets, meaning chemokines

produced by islets are unlikely to be reflected in circulation’®. Data obtained from peripheral

blood will therefore be unlikely to reflect the chemokines in the islet microenvironment.

Table 1.2 - Chemokine expression in T1D

Species Tissue Location Implicated chemokine
CCL2, CCL4, CCL5, CCL19,
NOD mice Islet RNA CCL22, CXCL9, CXCL10,
CXCL11, CXCL13, XCL1®""
i CXCL9, CXCL10, CXCL11,
LCMV mice Islet RNA
CCL58"®
i CXCL9, CXCL10, CXCL11,
LCMV mice Islet RNA
CCL56"™
T1D patients Serum CXCL10814.315.320)
Individuals at high risk for
Serum CCL3, CCL4G™
T1D
Newly diagnosed T1D
yclag Beta cell IHC CXCL10621.322
patients
) CCL5, CCL8, CXCL9,
T1D patients Islet IHC
CXCL10, CX3CL1¢%®
Cytokine-stimulated human CCL5, CCLS8, CCL22, CXCL9,
. Islet RNA
islets CXCL10, CX3CL1624
Newly diagnosed T1D
yclag Islet RNA CXCL1062)
patients

Another option is to use cadaveric islets from T1D patients. Islets can be isolated or tissue
sections procured from an autopsy. Immunohistochemistry (IHC) can be used to identify
chemokines in tissue sections, or tissue can be sent for RNA sequencing (RNA-seq)®?* 32, Due
to the lack of available tissue from biopsies and cadaveric islets, deceased healthy donor islets

can be stimulated with cytokines to mimic the early stages of insulitis®*®. Human tissue is
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challenging to procure, even from healthy donors. Commonly used models are therefore rodent
models of T1D, including the NOD mouse'"*. The strengths and weaknesses of models used to

deduce the chemokines in T1D will be discussed below.

1.4.1 Rodent Chemokine Data

The benefit of using rodent models rather than studying human tissue is that genes can be
knocked out or deleted, often referred to as KO models. Knocking out chemokines or chemokine
receptors provides investigators with specific information about the role of a chemokine or
receptor in T1D rodent models. Inducible T1D models are often used to study T1D in this way, as
researchers can observe the time point at which T1D development is induced, which is

challenging to study in spontaneous NOD models.

In NOD mice, IL-1B and IFN-y levels increased steadily as insulitis developed, starting from six to
eight weeks of age®'”). This data highlights the rationale behind cytokine-stimulating islets with
such chemokines to mimic insulitis. CCL2, CCL4, CCL5, CCL19, CCL22, CXCL9, CXCL10,
CXCL11, CXCL13, and XCL1 were detected via transcriptome analysis of NOD islets®".
Upregulation of the chemokine receptors CCR2, CXCR4, and CXCR6 was observed on leukocytes
present in the islets during insulitis between eight and 16 weeks of age. Several chemokine
transcripts were not present at four and six weeks of age, demonstrating that chemokine and
chemokine receptor expression increased as insulitis developed®”. CCL2 mRNA expression was
also observed to increase over time as insulitis develops, peaking at eight weeks®®. NOD mice
also demonstrated upregulated mRNA CXCL10, CCL2,CCL7, CCL12 and CCL5 upon transfer of
inflammatory CD4" Th1 cells®*”). Such evidence highlights the role of multiple chemokines in the

spontaneous development of T1D, with chemokine levels increasing as insulitis progresses.

Another T1D modelis a transgenic mouse expressing a viral glycoprotein on their beta cells. When
exposed to a lymphocytic choriomeningitis virus (LCMV), mice develop T1D rapidly, T-cells
infiltrate their islets, and beta cells are destroyed®?®. Post-infection, the expression of RNA for
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CXCL9, CXCL10, CXCL11, and CCLS5 significantly increased®'®. To study the role of chemokines
in disease induction, CXCL10 was blocked with an anti-CXCL10 antibody at the time of viral
delivery. With CXCL10 blockade, 70% of mice did not develop T1D, insulin production was
preserved, and cellular infiltration was abrogated. If CCL5 or CXCL9 were blocked separately, T1D

still developed®'®,

In the same LCMV transgenic model, mRNA expression of CXCL9, CXCL10, CCL2, and CCL5 was

significantly upregulated, alongside expression of IL-1B, TNF-a, and IFN-y. A CXCR3 KO

significantly delayed T1D onset and reduced T-cell infiltration, but was not preventative®?.

Targeting of CXCL10 has also been trialled in LCMV models of islet transplantation. LCMV mice
were infected and then received islet engraftments from CXCL10 KO LCMV mice or control LCMV
mice. Islets from control mice were all destroyed by day 30 post-transplant, whereas 58% of mice
retained functionalislet mass from the CXCL10 KO islets and showed reduced islet infiltration?®®,
An anti-CXCL10 antibody was then trialled alongside islet engraftment, and 25% of mice

28 This data was neatly repeated in a

demonstrated islet retention and insulin production
streptozotocin (STZ) inducible model®?®, CXCL10 KO mouse islets reversed T1D in STZ-induced
diabetic mice, and an anti-CXCL10 antibody significantly improved the rate of normoglycemia

restoration compared to a control antibody®2?,

Further evidence for targeting the chemokine network in T1D comes from the M3 protein, which
was identified in the murine herpesvirus 68. The M3 protein has previously been characterised as
a broad-spectrum chemokine inhibitor”. NOD mice demonstrated age-dependent increases in
chemokine expression, which correlated with the infiltration of cells into the islets within NOD
mice®®, NOD mice were then created that expressed the M3 protein exclusively on their beta
cells. As expected, 80% of the WT NOD mice developed T1D. Expression of M3 prevented the
development of T1D in all 66 mice (Figure 1.8). Mice had no infiltration within their islets but had

331

infiltration in other organs, demonstrating site specificity®®*". Using an inducible STZ model, no

53



Chapter One - Introduction

mice developed T1D when they expressed the M3 protein selectively on their beta cells®?.

Unfortunately, the M3 protein is unsuitable for clinical translation. As a viral protein, there is a
considerable risk of immunogenicity if it were to be administered to a patient. However, this work

clearly emphasises the role of chemokines in the pathogenesis of T1D.

o OQ
—_—
Dead
NOD Mouse Diabetes
development
NOD Mouse
—
Bcell
IEODreMsgfe No diabetes
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M3
Mouse
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on B-Cells

Figure 1.8 — Selective expression of viral M3 protein on beta cells prevents T1D in the NOD mouse.
Non-obese diabetic (NOD) mice spontaneously develop type one diabetes (T1D). The M3 protein is a pan-
chemokine-inhibiting viral protein derived from the herpes virus. NOD mice were engineered to express the
M3 viral protein selectively on their beta cells. The selective expression of M3 on beta cells within NOD
mice prevented the development of T1D. Figure made in Biorender.

The role of chemokines in the pathogenesis of T1D in NOD models is further exemplified with the

332,

use of the decoy CC chemokine receptor, D6®%*?. NOD mice were generated that express the D6

receptor exclusively on their beta cells, which reduced the severity of insulitis and lymphocyte

infiltration®®

). Compared to the total prevention of T1D development by the pan-chemokine M3
protein, D6 beta cell expression prevented the development of T1D in 60% of NOD mice by day
8413 This difference suggests that targeting both CC and CXC chemokines prevents T1D to a

greater degree than by blocking CC chemokines alone.

Rodent models have also been used to investigate combination therapies. Many trialled
combinations have shown benefits over using teplizumab alone, including an IL-1 receptor
antagonist®?, an anti-CD20 antibody®*®, and an anti-CXCL10 antibody. In both NOD and LCMV

models, anti-CD3 followed by anti-CXCL10 administration led to persistent remission of T1D. In
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LCMV models, both monotherapies achieved remission in 38% and 36% of animals,
respectively®®*®. When both therapies were administered, 70% of mice achieved persistent
remission, likely due to a significant reduction in lymphocyte infiltration into the islets. In NOD
mice, 55% of the mice were classified as being in remission when both therapies were

administered®®. These studies imply that chemokines may be targetable for T1D therapies.

A caveat of the above research is the heavy reliance on mouse models of T1D, which utilise
mouse chemokines. It is widely accepted that the mouse immune system is vastly different to
the human immune system. There are several examples of chemokines for which there is no
homologue in mice and vice versa. CXCL8 does not exist in mice, and CXCL15 does not exist in
humans, for example®®. In stroke models using human, mouse, and rat cells, marked differences
are observed in chemokine expression levels, even at baseline, and in homologous
chemokines®). Information regarding the effects of chemokine targeting in preventing T1D in
mouse models should therefore be treated with caution. Particularly in models using M3, the pan
chemokine inhibitor was present on the islets prior to the development of T1D. In T1D, it would
be unlikely to find patients who had no insulitis at all, making it challenging to target them prior to
disease induction. Emphasis should be placed on successful interventions following the

development of T1D, rather than prior to it.

1.4.2 Data from Human Tissue and Clinical Trials

Gene expression in human islets from T1D patients exhibits a profound upregulation in

338 Stimulation of human islets with cytokines such as TNF-a and IFN-y led

chemokine pathways!
to the production of chemokines, including CCL5, CCL8, CCL22, CXCL9, CXCL10, and
CX3CL1%%3, Despite this, the process of isolating human islets may stimulate chemokine

(339

production due to periods of ischemia and reperfusion®, A solution to this would be to use

controlislets that come from healthy individuals or have not been cytokine-stimulated.
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Stained pancreas sections of three newly diagnosed patients demonstrated CXCL10 expression

on beta cells®

). The corresponding chemokine receptor, CXCR3, was highly expressed by
infiltrating T-cells®?". These findings were confirmed in five additional newly diagnosed patients,
who also identified beta cells as the primary source of CXCL10%22, RNA from a further four T1D

patients confirmed CXCL10 as the most abundant chemokine®®®, This evidence taken together

implicates chemokines, particularly CXCL10, in the pathogenesis of T1D.

Following evidence that blocking CXCR1/2 in NOD and STZ models prevented and reversed
T1D®9 a CXCR1/2 inhibitor was trialled in newly diagnosed T1D patients®". Ladarixin did not
significantly affect C-peptide levels between the treatment and the placebo groups. A CXCR1/2
inhibitor has also been trialled to prevent islet cell death following transplantation. Based on

promising mouse data, where CXCR1/2 blockade resulted in improved islet survival and reduced

342, 343)

lymphocyte infiltration' , @ CXCR1/2 inhibitor was tested in a phase two human clinical

342

trial®*?, Patients who had undergone an islet transplant were given reparixin, a CXCR1/2 inhibitor,

and compared to patients who only received the standard ATG immunosuppression. Grafts were
lost in all three control participants. Of the four patients who received reparixin, all had

342) Unfortunately, when reparixin progressed to a

significantly better post-transplant outcomes'
stage three clinical trial, there was no significant difference in C-peptide levels between patients
who received the treatment and those who received a placebo alongside regular

(344

immunosuppression®*, Despite this, the above clinical trials highlight the pathogenic and

targetable role of chemokines within T1D and islet transplantation.

The migration of autoreactive T-cells from the pancreatic lymph nodes to the sites of insulitis is

9, Targeting such chemokine gradients, potentially in

mediated by chemokine gradients'
combination with a T-cellinhibiting drug such as teplizumab, would mask the beta cells from their

autoreactive killers. Despite the promise of such an idea, targeting chemokines therapeutically
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has thus far failed to yield successful drugs that target inflammation through chemokine

inhibition%¥,

1.5 The Failure of Chemokine Targeting

(84,345

Chemokines have been identified as therapeutic targets for inflammatory diseases ). Despite

their promise, only three chemokine or chemokine receptor-targeting drugs have progressed to

the clinic. Maraviroc targets CCR5 and has been approved for the treatment of HIV®4 347,

(348)

Plerixafor inhibits CXCR4 and treats hypogammaglobulinemia®*®. Mogamulizumab inhibits

249 However, these drugs do not target inflammation

CCRA4 for the treatment of T-cell lymphomas
or inflammatory diseases, and multiple chemokine-targeting drugs have failed to show benefits

to patients in clinical trials® 359,

As described previously, one proposed reason behind the failure of chemokine targeting is
chemokine network redundancy!'®" %2, Due to the complexity of the chemokine network, with
multiple chemokine receptors present on various leukocyte subtypes and chemokines activating
multiple chemokine receptors, targeting a single chemokine or chemokine receptor may not be
sufficient to prevent aberrant inflammation. This functional redundancy is a theory behind the

failure of chemokine-targeting drugs®.

Chemokine-targeting clinical trials commonly target one chemokine or chemokine receptor!’®.

By targeting a small portion of the chemokine network and failing, these trials reinforce the key
argument behind chemokine network redundancy and may explain the failure of chemokine-
targeting therapies. Chemokine production increases exponentially following the induction of
inflammation or autoimmunity®®" 352 By targeting a single chemokine or chemokine receptor,
clinical trials have not been successful, as the redundancy of the chemokine network
necessitates targeting multiple chemokines and receptors to thwart disease progression and

chemokine feedforward amplification in inflammation%® 353,
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Another proposed argument is that pharmacological issues may have prevented success in
chemokine targeting trials. The protein interface between a chemokine and its receptor is highly
dynamic and therefore challenging to target®®. It has been proposed that high levels of
chemokine receptor occupancy are required to affect chemokine receptor signalling®.
Insufficient doses of antagonists have also been extensively reviewed as a failure of chemokine
receptor targeting. Due to the feedforward nature of chemokine and chemokine receptors,

upwards of 90% of receptor occupancy may be required to establish a therapeutic effect®®,

When considering the CXCR1/CXCR2 receptor antagonists, which were trialled in newly
diagnosed T1D patients and following islet transplantation, chemokine redundancy may explain
the failure of reparixin and ladarixin. This failure may be explained by chemokine network
redundancy, as well as the differences between mouse and human chemokine networks4®,
Between species, chemokines and receptors vary in their sequence and function. These
differences are exemplified by small molecules having different affinities for CCR1 between

355-357) Coupled with chemokine

human, rat, and mouse receptors of the same chemokine
redundancy, this may explain why ‘curative’(144 335 3%.359) thergpies in the NOD rodent T1D model

either failed or were significantly less effective in human clinical trials(%¢ 360-362),

To target the chemokine network in inflammatory diseases and T1D, targeting multiple
chemokines or chemokine receptors may be necessary due to chemokine redundancy. Newer
developments in targeting inflammatory diseases focus on multiple targets, rather than a single
chemokine or receptor. An exemplar is the monoclonal antibody LY3041658, which can inhibit

seven CXC chemokines®®®

). Inflammatory diseases can be characterised by the expression of 20+
chemokines®* %% Therefore, knowing which chemokines and how many chemokines to target

is difficult to estimate. Furthermore, targeting multiple chemokines or receptors poses a risk of

immunosuppression, particularly when targeting chemokines involved in leukocyte homeostatic
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trafficking, such as CCR7®%. Despite this, targeting chemokines to modulate inflammation

remains an attractive prospect that warrants further investigation.

1.6 Evasins

The evolution of promiscuous chemokine-targeting molecules by parasites and viruses

114, 115, 367

underpins the validity of chemokine network redundancy' . Harnessing nature’s

endeavours to target the chemokines may allow us to successfully target the chemokine network

in inflammatory diseases, such as T1D®",

Ticks are parasitic blood sucking arachnids. They secrete a variety of proteins upon biting their

368, 369) 370)
’

host to evade immune detection. Anticoagulants' analgesics®?, complement

371 372

inhibitors®”", and proteins that neutralise components of the immune system®?, prevent the
host from mounting an immune response to the bite. Natural selection has allowed ticks to
develop these proteins, enabling them to feed for longer and obtain a larger blood meal®”®. Ticks
also secrete classes of proteins called evasins. Over 50 evasins have been identified in ticks,
which bind to chemokines and prevent them from interacting with chemokine receptors on host
leukocytes''® 374 By preventing chemokines from interacting with their receptors, evasins

prevent leukocyte migration to the bite site®”®).

Ticks secrete two structurally unrelated subclasses of evasins. There are 21 known class A
evasins (EVAA), which bind to and inhibit CC chemokines exclusively. EVAA are typically between
89 and 126 amino acid residues in length. Key examples of EVAA are evasin 1 (EVA1) and evasin
4 (EVA4)P7® EVAA commonly have eight cysteine residues, forming four disulfide bridges. Crystal
structures of evasins in complex with chemokines reveal their mechanism of action; the N-
terminus of EVA4 binds between the N-loop and the third beta strand of chemokines®”. The N-
terminus of EVA1 interacts with the same chemokine region, and the C-terminus of EVA1 binds

to the N-terminus of chemokines®®. As these are key locations for chemokine and chemokine
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receptor interactions, evasins thus prevent chemokines from binding to chemokine receptors.
Through phylogenetic analysis, EVAAs have been subdivided into three classes, designated as

A1, A2, and A3,

There are 29 known class B evasins (EVAB), which bind to and inhibit CXC chemokines
exclusively. EVABs are between 60 and 100 amino acids in length, and the most commonly
referred to EVAB is evasin 3 (EVA3)®”%. EVABs have six conserved cysteine residues and form three
disulfide bridges, commonly referred to as a knottin structure®®. EVA3 interacts with and
prevents CXCL8 from forming dimers, thereby preventing interactions with CXCR1/2. EVA3 also
disrupted CXCL8 from interacting with GAGs®). Class B evasins are subdivided based on which
CXC chemokines they bind to. One subclass binds to CXC ELR+ chemokines, and one subclass

binds to CXC ELR- chemokines®”®.

Evasin proteins can bind to and neutralise multiple chemokines, while retaining chemokine class
specificity"'® ", The promiscuous nature of evasins may be due to conformational plasticity'®?,
or differential segments of evasins may bind to different chemokines®® %4 As ticks require
several days to feed on their host, they inject multiple evasins at the bite site to neutralise
inflammation and prevent chemokine feedforward loops®). The three genera of ticks,
Rhipicephalus, Amblyomma, and Ixodes, produce both classes of evasin proteins''® %4, The

production of both CC and CXC chemokine inhibitors by all tick classes implies that the inhibition

of both chemokine classes is required to overcome chemokine redundancy!®.

1.6.1 Evasin Identification and Development

Evidence for the first CXCL8-neutralising protein was found in the saliva of Ixodid ticks®®®.

Chemokine binding proteins that could inhibit CXCL8, CCL2, CCL3, CCL5 and CCL11 were then
identified®®). The evasins EVA1, EVA3 and EVA4 were discovered®”. EVA4 could neutralise 18 CC
chemokines, demonstrating differences in the breadth of action between evasins. EVA3 bound

375,

exclusively to CXC chemokines, demonstrating evasin chemokine class specificity®®. A crystal
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structure of CCL3 bound to EVA1 was the first of its kind, revealing the binding location of evasin

to CC chemokines and the mechanism of action®®).

The Bhattacharya group utilised the position-specific iterative-basic local alignment search tool
(PSI-BLAST) to search for homologous sequences to the evasins EVA1, EVA3 and EVA4©%9, By

screening 350 sequences against CC chemokines using yeast surface display, 26 CC-binding

389,

evasins were identified®. The Stone group validated an additional 250 sequences through

390

homology searching, yielding eight further evasins®®. Crucially, two evasins identified by both

groups overlapped. Further work by the Bhattacharya group characterised 27 CXC-binding

%79 First identified using yeast surface display, the class B evasins were denoted by their

evasins'
tick genus: Ixori (Ixodes), Rhisa (Rhipicephalus), and Ambca (Amblyomma). The newly identified
class B evasins were expressed and screened for chemokine binding using biolayer
interferometry (BLI)®”®. Out of the 27 evasins, 26 bound to CXC chemokines and showed

%79 Sequence alignment indicated that the EVABs

specificity for either ELR+ or ELR- chemokines'
shared between 26% and 50% sequence identity, and X-ray crystal structures of the evasins EVA3
and P1142 were obtained, identifying the knottin disulphide structure of EVAB®"®. Specificity for
ELR+ or ELR- chemokines was transferred between EVA3 and P1142 by generating hybrid evasins
with swapped knottin loops, implying that the knottin structure of loops determines CXC-

chemokine binding promiscuity®”9.

The Bhattacharya group engineered evasins to increase their chemokine binding breadth®". The
terminal 29 residues of EVA1 were replaced with 44 amino acid residues of the EVAA P672. By
doing so, EVA1 gained the ability to bind to CCL8®"". N-terminal domain swapping to increase

chemokine binding ability was neatly repeated®®?,

The Bhattacharya group then went on to
design dual chemokine class binding evasins, termed ‘double-warhead’ and ‘triple-warhead’
evasins®®, Combining EVAB P1156 and EVAA P1243 through a GGGGS linker demonstrated dual

class binding but could not bind to all chemokines that their respective evasins could®%?.
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Combining EVA3 (Class B, CXC ELR+ binding evasin), P1142 (Class B, CXC ELR- binding evasin)
and P991 (Class A, CC binding evasin) created an evasin called P1834 capable of binding to 14

CC and CXC chemokines (produced by the Bhattacharya laboratory, unpublished).

1.6.2 Evasins in Inflammatory Models and Limitations

EVA1, EVA3 and EVA4 have robustly demonstrated in vivo efficacy in inflammatory models. In

394 395)

mouse models, EVA1 demonstrated effectiveness in models of GVHD®®, pulmonary fibrosis'

and psoriasis®®. EVA3 has demonstrated effectiveness in rodent models of ischemia-

396 397

reperfusion injury®®, pancreatitis®®”, and arthritis®”®. EVA4 is effective in rodent models of

398 399)

myocardial inflammation®®® and colitis®®.

Pharmaceutical companies have not pursued evasins, despite their successful publication
record. As a non-human protein, if administered to a patient, evasins could lead to an
immunogenic reaction. Immunogenicity was reported with EVA1 in a mouse model, resulting in
an immunoglobulin G response®”®. Evasins are heavily glycosylated, as indicated by their high
molecular weight in gel electrophoresis®?. Glycosylation complicates large-scale production
and increases manufacturing costs. Evasins may require parental delivery in chronic
inflammatory diseases, which would make repeated administration less desirable for patients®.
Due to chemokine class specificity, at least two evasins (or a dual warhead evasin) would likely
have to be administered to target the redundant chemokine network. Therefore, full-length

evasins are currently undesirable as therapeutics.

1.6.3 Evasin-derived Peptides

Due to the limitations of using evasins directly, groups have aimed to translate the promise of
evasins into a more attractive therapeutic modality. Translating the evasin protein into a
therapeutic peptide is an option which has been trialled. Success has been achieved in

developing peptides from proteins found in snake venom®“" and the saliva of lizards“’". This
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success demonstrates that translation from protein to peptide can retain the native protein’s
effects without immunogenicity. It has been reported that peptides below five kDa do not elicit

immunogenic reactions®?.

A series of 16 amino acid peptides were isolated from the evasin P672, called BK1.1-1.3. The
peptide BK1.1 retained the evasins’ ability to inhibit CCL2, CCL3, CCL7 and CCL8-induced in vitro
cell migration (Figure 1.9). BK1.3 demonstrated in vivo activity in a rodent model of inflammation.
However, the parental evasin P672 remained more potent than any of the BK peptide series inin

403,

vitro cell migration models“®. X-ray crystal and NMR investigations into EVA4 in complex with

CCL5 guided the identification of a 17-amino acid peptide, capable of inhibiting CCL5 in vitro cell

377,

migration®””). The peptide covers the sequence of EVA4 from Glu-14 to Asn-31. This peptide fully
inhibited the cell migration of a monocyte cancer cell line at a concentration of 10 uM, whereas
EVA4 inhibited cell migration at 100 nM, but no definitive IC50 values are reported®”. Such

evidence demonstrates that peptides derived from evasins can be identified that retain evasin-

like chemokine inhibition, albeit at a reduced potency.
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Figure 1.9 - Overview of in vitro cell migration assays. Cells are placed into the top chamber of a
transwell chemotaxis plate. The bottom chamber of the plate contains chemokines, creating a chemokine
gradient between the top and bottom chambers. The base of the top chamber has a porous membrane
which allows cells to migrate into the bottom chamber of the plate along the chemokine gradient. Cells
that have migrated into the bottom chamber can be counted using flow cytometry. If the bottom transwell
chamber contains a chemokine-targeting molecule, such as an evasin-derived peptide, the chemokine
gradient will be abrogated. Fewer cells will migrate into the bottom chamber and can then be visualised by
flow cytometry. Flow cytometry analysis utilises side light scatter (SSC) to determine a cell’s granularity
and internal complexity. Forward light scatter (FSC) is used to determine a cell’s size. Coupling SSC and
FSC allows for a cell population to be determined, gated, and counted. Cellular debris is commonly
visualised in flow cytometry as a population with low SSC and FSC, as shown in the bottom left corner of
flow cytometry plots. Figure made in Biorender.

Building on the work established by the BK peptide series, the Bhattacharya group developed an
evasin-derived peptide discovery pipeline. Phage display, a method for high-throughput
screening of peptides“®, was used to identify which 16-amino acid regions of class A evasins
bound to chemokines. A peptide, designated as HD2, was identified from EVA4"7®. Phage display
revealed that HD2 could bind to both CC and CXC chemokines, a finding confirmed by BLI. This
surprising dual chemokine class action was confirmed with in vitro cell migration assays®. This
finding was novel, as all evasins or their derivative peptides had shown chemokine class
specificity. AlphaFold modelling was used to propose steric hindrance as the mechanism of
action. It was hypothesised that by binding to key regions on chemokines, HD2 prevented the

chemokines from interacting with their respective chemokine receptors”®.
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Despite this promising data, HD2 was limited by its micromolar potency”®. High-throughput

approaches to improve peptide characteristics, such as binding affinity, include affinity

405, 406) 407

maturation“®®, deep mutational scanning“®, and yeast display“"”. These methods are designed
to improve binding to a single target. HD2 development aimed to enhance binding and chemokine
inhibition against multiple chemokine targets, making typical mutagenesis protocols described
above less suitable. Proceeding with a structural investigation was also not suitable, as it would
be cost-prohibitive to obtain crystal structures of 46 chemokines in complex with 18 chemokine
receptors. Therefore, the Bhattacharya group employed their newly developed method for
peptide improvement, termed the Combinatorial Saturation Mutagenesis Optimisation Strategy
(CoSMO0S)“%®, The 16-amino acid peptide sequence was mutated, where each amino acid was

409

substituted for all possible amino acids using a degenerate NNK codon®“®, Several single-amino

acid peptide mutants from HD2 were identified, characterised in cell migration assays, and the

%) Two combinatorial

beneficial mutations were combined and rescreened in phage display
peptides of interest (CM304 and CM307) were identified. Both peptides demonstrated markedly

enhanced potency in single chemokine assays compared to HD2“%®,

To model inflammatory diseases, a more complex in vitro model was required. Single-chemokine
cell migration assays are limited in their ability to reflect the complex inflammatory milieu of
inflammatory diseases. Thus, the Bhattacharya group used bulk RNA sequencing to determine
the chemokines present in RA, atherosclerosis, and insulitis“®®. Both CM304 and CM307
inhibited the migration of primary human immune cells to these three chemokine mixtures, with

significantly enhanced potency compared to the HD2 peptide®“®.

Identifying peptides from evasins may circumvent issues with the risk of evasin immunogenicity
and manufacturing problems. Despite this, translating peptides from evasin proteins was
associated with a loss of potency. The newly validated CoSMOS pipeline is a method of

identifying chemokine-binding peptides from evasins and translating them into highly potent
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peptides targeting the chemokines present in inflammatory diseases. Given that the HD2 peptide
series originated from a class A evasin and demonstrated success across multiple disease
models, the question arose whether similar successful peptides could be identified from a class

B evasin.
1.7 Aims and Hypotheses of this Work

The body of work presented above demonstrates that targeting the chemokine network for the
treatment of inflammatory disorders is a viable option to abrogate inflammation. Targeting the
chemokine network in T1D could be a novel therapeutic strategy and may be effective in

combination therapy to delay the progression of patients to stage three T1D.

The hypothesis underlying this work is that a dual-class chemokine-binding peptide can be
identified from class B evasin sequences and improved using mutagenesis to target chemokines

presentininsulitis.
This work aims to :

e To identify a dual chemokine class binding peptide from class B evasin sequences using
phage display. Objectives: To screen the class B evasin library using both CC and CXC
chemokines; and to use next-generation sequencing to identify dual class chemokine
binding peptides.

e To functionally characterise peptides of interest using in vitro cell migration assays.
Objectives: To test dual class chemokine binding peptides in chemotaxis assays using
CD8" T-cells and THP-1 cells; to compare peptide activity compared to a scrambled
peptide negative control; and to determine peptide potency by completing IC50 curves.

e To improve peptide properties using combinatorial saturation mutagenesis. Objectives:
To create a NNK phage library; to screen the NNK phage library in phage display; to

functionally characterise single mutants of interest in functional chemotaxis assays
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using CD8" T-cells and THP-1 cells; to create a combinatorial phage library; and to screen
the combinatorial phage library in phage display.

To validate the lead peptide candidate in a model of insulitis. Objectives: To functionally
characterise combinatorial peptides using an ‘insulitis’ chemokine pool using CD8" T-
cells, THP-1 cells, and primary monocytes and to develop a CD4" T-cell line for further

peptide characterisation.
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2. Chapter Two - Identification and

Characterisation of EB429

2.1 Introduction

2.1.1 Chemokine Network Complexity in Inflammation

Chemokines, also known as chemotactic cytokines, are responsible for recruiting leukocytes to
sites of inflammation and injury®®. They drive this recruitment through binding GPCR chemokine
receptors on immune cells“'®, Chemokines have thus been identified as a potential therapeutic
target for inflammatory diseases“'”. Chemokines are particularly relevant in the context of
autoimmune diseases, where aberrant chemokine-driven leukocyte recruitment causes tissue

damage®®5%- 3¢9,

Historically, chemokine targeting in inflammatory diseases has been unsuccessful®? 3%, Whilst
no specific cause for this failure has been accepted, one proposed reason is that targeting a
single chemokine or receptor fails to overcome the redundancy of the chemokine network%. A
single chemokine can bind to multiple chemokine receptors, and receptors often have multiple
chemokine ligands"”®. Following leukocyte recruitment to inflammatory sites, leukocytes
themselves release additional chemokines, creating a chemokine feed-forward Lloop.
Chemokines are also capable of synergising with one another, exacerbating leukocyte migration
further®, Many of the trialled chemokine-targeting therapies were antibodies, targeting a single
chemokine or a single chemokine receptor'?. Targeting a single chemokine or receptor may have

been the reason these therapies failed to show a beneficial effect in clinical trials!"®®.
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2.1.2 Evasins

Evasins may provide a solution to targeting the complex chemokine network. Through millions of

years of evolution, ticks have evolved a class of salivary proteins, termed evasins. Evasins are

381) Evasins bind to

secreted in the saliva of ticks and are injected when they bite their host!
chemokines present at the bite site in their host, thereby suppressing leukocyte recruitment and
local inflammation®. By preventing local inflammation at the bite site, ticks can remain
undetected by their host and feed for longer. One key feature of evasins is their ability to bind to
multiple chemokines, but this binding is limited to a specific chemokine class. Class A evasins
bind exclusively to CC chemokines, whilst class B evasins bind to CXC chemokines

exclusively®,

Evasins can effectively reduce inflammation in multiple animal models of diseases, as

414 415)

demonstrated in models of pulmonary fibrosis“'®, liver disease“'®, and atherosclerosis®'®.
However, pharmaceutical companies have failed to pursue evasins as treatments for

inflammatory diseases. The risk of protein immunogenicity and the expense required to

manufacture large, heavily glycosylated proteins may explain this“'®.

2.1.3 Evasin-derived Peptides

There are multiple benefits to creating novel peptide therapeutics derived from evasins, rather

than using evasin proteins directly. Peptides are cheaper to produce than proteins, which confers

a cost advantage over proteins, making them a more attractive treatment modality to develop™'”.

Peptide-based drugs often exhibit favourable safety profiles in clinical trials and are widely

(416

regarded as having lower immunogenicity concerns than larger proteins“'®. Peptides serve as an

attractive scaffold for functionalisation to enhance their pharmacological properties. Peptide

side chains can be modified, and functional groups can be added, improving bioavailability,

418,

increasing half-life, and reducing the likelihood of peptide degradation“’®. A key example of this

is the addition of a polyethylene glycol (PEG) group, termed PEGylation. The addition of a PEG
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group increases a peptide’s half-life by preventing renal clearance, inhibiting proteolytic
cleavage, and enhancing peptide solubility“'®. These examples support the feasibility of evasin-

derived peptide therapeutics.

Peptide sequences derived from evasins have been identified and characterised. The
Bhattacharya research group was the first to identify a series of peptides from evasin 672 using
hydrogen-deuterium exchange mass spectrometry. These peptides could bind to multiple CC

403

chemokines and were effective in an in vivo model of inflammation®®®. The work described by

Denisov et al®”’

) also identified peptides derived from evasins that could bind to CCL5, although
the efficacy of this peptide was not explored in vivo. This work demonstrates that short peptides
derived from evasin proteins can be utilised to bind and inhibit multiple chemokines, overcoming
the potential issues associated with using full-length evasins. Using structural insights of

chemokine and evasin complexes to guide rational peptide design is costly and time-consuming,

thus limiting this approach for therapeutic development.

2.1.4 Phage Display Evasin Peptide Identification

The Bhattacharya laboratory aimed to develop methods for identifying peptides from evasins
without requiring structural insights. A method of phage display combined with next-generation
sequencing was developed. Phage display is a commonly used technology in drug discovery for
screening large candidate libraries and identifying hits that bind to a target of choice!*?”. Phage

display has led to the identification of several prominent peptide-approved drugs®?".

422
) and

Romiplostim has been approved for the treatment of immune thrombocytopenia‘
ecallantide has been approved for the treatment of angioedema®?®. Phage display libraries
encoding 16-amino acid peptides were constructed. These peptides covered the entire amino

acid sequences of evasin proteins, staggered by one amino acid at a time. The evasin-derived

peptides were presented on the phage and screened against immobilised chemokines in three
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enrichment rounds. Next-generation sequencing (NGS) was used to identify promiscuously

binding peptide sequences.

The screening of a class A evasin library yielded unexpected results. A peptide, termed HD2, was
identified. Despite originating from a class A evasin, HD2 was seen to bind to and functionally
neutralise the migration of both CC and CXC chemokines!®. This result was novel, since cross-
class chemokine specificity had not previously been described in evasins or in evasin-derived
peptides. In tandem with the creation of the class A evasin library, a class B evasin library was

created and screened against CXC chemokines only (Payne at al, manuscript in preparation).

2.1.5 Aims and Hypotheses

Through the development of HD2 and other peptides from the class A evasin library, the
Bhattacharya lab has demonstrated that promiscuous chemokine-binding peptides can be
identified from evasin sequences. This work hypothesises that peptides capable of binding to
multiple chemokine classes can also be identified by screening the class B evasin library with CC
chemokines. Therefore, the work described in this chapter aimed to screen the class B evasin
library against CC class chemokines and to characterise the top-binding peptide using functional

cell migration assays.

This chapter aims to:

e Screen the class B evasin library with CC class chemokines to identify chemokine-
binding peptides with dual-class binding.
e Characterise peptides of interest identified by phage display in functional cell migration

assays.
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2.2 Results

2.2.1 Phage Display Screening of the EVAB Library Identifies Chemokine
Binding Peptides

The class B evasin library was screened against 15 biotinylated chemokines in parallel (Figure
2.1). Peptides that bound to their target chemokine were identified by NGS, following three
rounds of amplification and phage display selection. The enrichment (E) of each peptide to a
chemokine was compared to the input library and denoted as log2E, which is correlated with
binding affinity“?*. MP performed the CC chemokine screening, while KH and KK conducted the

CXC screening.

Individual chemokine
complexes

. ‘ﬁ Lt
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Figure 2.1 - Phage display pipeline. The sequences of salivary chemokine-neutralising proteins, called
evasins, were extracted from ticks. A phage library was constructed, displaying 16 amino acid evasin
sequence-derived peptides. Biotinylated chemokines were incubated with streptavidin nanobeads in a 96-
well plate, with each chemokine complex in a separate well. The phage library was added to each
chemokine in parallel, and washing steps were used to remove unbound phage. Phage binding was
enriched over three rounds of selection. Enriched peptides were identified using next-generation
sequencing. Figure made in Biorender.
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Each 16-amino-acid peptide was mapped to its parental evasin sequence, and enrichment for
theindividual target chemokines was represented as log2E values (Figure 2.2). Individual peptide
log2E values are represented as stacked bars, with log2E values shown on the left-hand axis, and
colours denoting the chemokine bait. To identify which 16-amino-acid sections of the evasin
bound to multiple chemokines, residue log2E was calculated (rlog2E). Rlog2E is the total sum of
the log2E values that overlap by an amino-acid residue. Rlog2E is shown as a curve, with the
rlog2E values on the right-hand axis. The highest rlog2E can be seen for the evasins E1096, E1132

and E1168.

Evasin regions of interest (ROIs) are shown as grey bars underneath the evasin and peptide plots.
ROIs were defined by the rlog2E, where the upper boundary exceeded the 95% confidence
interval of the median rlog2E, which is represented in the figure by a brown line intersecting the
evasin and peptide plots horizontally. In an ROI for the evasin E1096, binding was identified to

CXC chemokines and several CC chemokines (CCL15, CCL17, CCL18, CCL20 and CCL22).
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Figure 2.2 - Mapping of enriched peptides to parental evasin proteins. Alignment of enriched peptides

top

arental proteins. Faceted plots show indicated class B evasins in each subpanel, identified by UniProt

entry names. X-axis in each plot indicates the evasin residue position. The left Y-axis scale indicates

pep

tide log2E, and the right Y-axis scale the residue log2E. Peptides are represented as horizontal tiles,

coloured by the selecting chemokine. Peptide log2E was calculated as described above. Residue log2E
(rlog2E) is the sum of log2Es of peptides overlapping a residue and shown as a smoothed curve of rolling
median over a window of seven residues. Regions of interest (roi) were defined as rlog2E exceeding the 95%

upp

er confidence interval of median rlog2E. Structural features (helix, strand) were obtained from the

UniProt entry. Abbreviations: cilog2E — 95% confidence interval of median rlog2E for the entire protein, roi

- region of interest, ck:bind — chemokine binding sites, cys — cysteine, dsb - disulfide-bonded cysteine.
Data analysed by SB.
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2.2.2 Identification of a Promiscuous Binding Peptide EB429

Peptides of interest were selected from phage display analysis if they bound to at least three
chemokines with a log2E greater than five. This threshold was set to identify promiscuous
chemokine-binding peptides. 13 peptides met this threshold (Figure 2.3). The tile plot of
individual log2E values shows that two peptides, EB1927 and EB429, are enriched against both
CXC and CC chemokines. EB1927 only bound to one CC chemokine, CCL22. EB429
demonstrates enrichment to all five tested CC chemokines, albeit with a low log2E. EB429 also
shows high enrichment values for the CXC chemokines tested, particularly for CXCL11 and
CXCL13. EB429 was selected for further testing and characterisation due to its high level of

binding enrichment to CXC chemokines and binding to several CC chemokines.

75



Chapter Two - Identification and Characterisation of EB429

10
-
ccL17

CCL18
5 CCL20
B 22 n
>
B oxcs @
w CXCL8 o
> . W NN cxcLio =
= B cXcLin &
CXCL12
CXCL12B
- oXcL3
=5 I . xcL4
mmmimmimimim/m/ @m/m/@m/m
[seveive v iveiveive e ive Bveiveiivelive]
N = = NON=WNPHN»OWW
0= NV WO WO WN WO VO
N U NOOUIN O ULHOON N
. - N OO WU w N Do (U2 N
-10
Peptides

Figure 2.3 - Tile plot of 13 peptides that bind at least three chemokines with log2E > 5. Peptides were
identified from phage display screening of the class B evasin library. Rows show the selecting chemokine
and columns denote the peptide. The scale bar shows log2E values. Grey tiles indicate where a peptide
was not identified in the phage display experiment. Data analysed by SB.

2.2.3 Chemotaxis Assays Demonstrate Dual Class EB429 Chemokine
Inhibition

The EB429 peptide was selected for characterisation as it showed the broadest chemokine
binding profile in phage display. The functional ability of EB429 was tested using in vitro cell

migration assays with both CC and CXC chemokines.

Dose-response curves were performed for individual chemokines to determine the EC80 values,
which represent the chemokine concentration at which 80% of the cells migrate. The EC80

chemokine concentration was used in chemokine inhibition assays (Figure 2.4).

EB429 was tested in single chemokine inhibition assays with activated CD8" T-cells to the
chemokines CXCL9, CXCL10, CXCL11, CXCL12a, CCL19, and CCL21 (Figure 2.5, Figure 2.6).
Chemotaxis was compared to a scrambled control peptide (EB429 SCR), which contains the
same amino acids as EB429 in a random order. EB429 significantly inhibited T-cell migration to
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five chemokines compared to EB429 SCR. The most potent inhibition of chemotaxis was seen for
the chemokines CXCL9 and CXCL11. No significant inhibition was observed with CCL21 or other
tested THP-1 chemokines (Figure 2.7). This result confirms the ability of EB429 to bind to both
CXC and CC chemokines, demonstrating that it can functionally inhibit T-cell migration to CXCL9,

CXCL10, CXCL11, CXCL12a, and CCL19.
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Figure 2.4 — Cell migration in response to indicated chemokines.Representative dose-response curves
of indicated chemokines with activated CD8" T-cells. Migrated cell count values are displayed on the Y-
axis. The X-axis shows the concentration of chemokine as a Log10 of molar concentration. Each data point
shows the mean value of the technical replicates at each concentration of chemokine tested, with their
standard deviation error bars shown. EC80 and EC50 values were calculated by plotting a 3-parameter

dose-response log-logistic plot using GraphPad Prism.

78



Chapter Two - Identification and Characterisation of EB429

Single Concentration Inhibition Assay Single Concentration Inhibition Assay
c - CXCL9 c - CXCL10
0 0
5 1500 - 1500
> *okkok k= *k
s s
E 1000- § 1000-
+ +
© 0
o o
< 500 < 500 ﬁ
(] Q
2 § °
© ©
£ £
5 0 T T T T 5 0 .#:_1 T T T
z z
o“\* %@“ Q,"{‘fb ég 0“\* ‘b‘s 0"“9 &
& N 9P S 5 ¢ P
K Y s RN &
o & I\ &
F (9
(@ X
Single Concentration Inhibition Assay Single Concentration Inhibition Assay
= - CXCL11 - - CXCL12a
(] (=]
'oé 1500 *kokokk 'E 1500
k= 2 %k
s s
E 1000- § 1000- |
+ +
o« 0
8 g
< 500 < 500
[+ Q
] *Te 2
E 4 :
° 0 T T T T ° 0-
z S & ® & z S & ® &
\oo\ W3 o & \oo\ A &
00\ > b b"f} Oé \'\"b < &19
\:\\ & .\S’V &
& e

Single Concentration Inhibition Assay

- CCL19
c
8
= 1500 % %k
2
=
8 1000+
+*
[-~]
3]
< 500
[}
2
=
& & & F
N )
< ° g
g &
(&)

Figure 2.5 - Effect of EB429 on CD8* T-cell migration to CXC and CC chemokines. Bar charts with
standard deviation error bars depicting the effect of EB429 on activated CD8" T-cell migration to CXC and
CC chemokines. All experiments were performed as three technical replicates and three biological
replicates. Individual data points indicate mean values of technical replicates per experiment. Cell
migration values were normalised to the mean value of migrated cell counts to the EC80 chemokine
concentration and set to 1000 cells, as displayed on the Y-axis. The X-axis shows experimental
constituents. Peptides were tested at a final concentration of 10 uM. Chemokines were tested at their EC80
doses, as indicated. EB429 SCR was used as a negative control, containing the scrambled amino acid
residues of EB429. The statistical significance of EB429 was calculated compared to EB429 SCR using a
one-way ANOVA and a Dunnett’s test for multiple comparisons. Asterisks indicate the following:
****n < 0.0001, ***p<0.001, **p<0.01, *p < 0.05.
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Figure 2.6 — Effect of EB429 on CD8* T-cell migration to CCL21. Bar charts with standard deviation error
bars depicting the effect of EB429 on CD8" T-cell migration to CCL21. The experiment was performed as
three technical replicates indicated by individual data points. The Y-axis shows CD8" T-cell migration
values. The X-axis shows experimental constituents. Peptides were tested at a final concentration of 10
pM. CCL21 was tested at its EC80 dose, as indicated. EB429 SCR was used as a negative control,
containing the scrambled amino acid residues of EB429. The statistical significance of EB429 was
calculated compared to EB429 SCR using a one-way ANOVA and a Dunnett’s test for multiple

comparisons.
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Figure 2.7 - Effect of EB429 on THP-1 migration to CXC and CC chemokines. Bar charts with standard
deviation error bars depicting the effect of EB429 on THP-1 migration to CC chemokines. All experiments
were performed as three technical replicates indicated by individual data points. The Y-axis shows THP-1
cell migration values. The X-axis shows experimental constituents. Peptides were tested at a final
concentration of 10 uM. Chemokines were tested at their EC80 doses, as indicated. EB429 SCR was used
as a negative control, containing the scrambled amino acid residues of EB429. The statistical significance
of EB429 was calculated compared to EB429 SCR using a one-way ANOVA and a Dunnett’s test for multiple

comparisons.
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2.2.4 Inhibitory Dose-response Curves ldentify Micromolar EB429
Potency

To evaluate the potency of EB429, inhibitory dose-response curves were performed against the
exemplar chemokine CXCL10 (Figure 2.8). Potency was determined by measuring the IC50 value,
which is the peptide concentration at which 50% of cells migrate. The mean IC50 value was 4.885
1M. Due to EB429’s potency being in the micromolar range, potency against other chemokines

was not investigated at this stage.
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Figure 2.8 - Inhibitory dose-response curves of EB429 against the chemokine CXCL10.Triplicate dose-
response curves depicting the potency of EB429 against the chemokine CXCL10, using activated CD8" T-
cells. Cell migration values were normalised to the mean values of migrated cell counts without EB429 and
set to 1000 cells, as indicated on the Y-axis. The X-axis shows the concentration of EB429 as a Log™ of
molar concentration. Each data point represents the mean value of the technical replicates for each
concentration of EB429 tested, with standard deviation error bars shown. IC50 values were calculated by
plotting a 3-parameter inhibitor dose-response log-logistic plot using GraphPad Prism.
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2.2.5 AlphaFold Modelling Predicts EB429 Occupies Chemokine
Receptor Binding Sites

To elucidate the potential mechanism of action of EB429, AlphaFold3 modelling was performed
to investigate how EB429 interacts with CC and CXC chemokines. EB429 was modelled with
CXCL10 and CCL19, and CXCL10 was modelled with CXCR3 and CCL19 with CCR7. The
modelling indicates that EB429 is in proximity to the first B-sheet and the a-helix of CXCL10
(Figure 2.9). Modelling also shows that EB429 is in proximity to the N-loop, N-terminus and third
B-sheet of CCL19 (Figure 2.10). These regions correspond to the predicted receptor-binding sites
for CXCL10 and CCL19 to the chemokine receptors CXCR3 and CCR7, respectively. As these
regions are required for chemokine binding to its receptor, this suggests that EB429 sterically

hinders chemokine binding to the respective chemokine receptor.

Figure 2.9 - AlphaFold modelling of EB429 and CXCL10.A. AlphaFold3 predicted binding models of
CXCL10 to EB429. CXCL10 is shown in grey, and EB429 is shown in blue. The binding interface of
CXCL10:EB429 within 5 angstroms is highlighted in red on CXCL10. B. AlphaFold3 predicted binding
models of CXCL10 to CXCR3. CXCL10 is shown in grey, and CXCR3 is shown in green. The binding interface
of CXCL10:CXCR3 within 5 angstroms is highlighted in red on CXCL10. Figure made in PyMOL
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Figure 2.10 - AlphaFold modelling of EB429 and CCL19. A. AlphaFold3 predicted binding models of
CCL19 to EB429. CCL19 is shown in grey, and EB429 is shown in blue. The binding interface of
CCL19:EB429 within 5 angstroms is highlighted in red on CCL19. B. AlphaFold3 predicted binding models
of CCL19 to CCR7. CCL19 is shown in grey, and CCR7 is shown in green. The binding interface of
CCL19:CCR7 within 5 angstroms is highlighted in red on CCL19. Figure made in PyMOL.

2.3 Discussion

Inflammation, as described in part by the migration of immune cell subtypes to sites of tissue
injury, is mediated by chemokines®“?. Despite the chemokine network being an attractive target
for therapeutic intervention in inflammatory diseases, there has been little progress in translating
this into clinically beneficial treatments®®®. Evasin proteins have been thoroughly characterised
in vivo as capable of neutralising the chemokine network in inflammatory diseases®®". However,
evasins are undesirable as therapeutics due to risks of immunogenicity and high manufacturing
costs. Phage display screening offers an opportunity to identify chemokine-binding peptide

sequences from evasins”® without the need for expensive structural insights.

This chapter has confirmed the hypothesis that promiscuous chemokine-binding peptides can
be identified from the class B evasin library. Furthermore, a peptide identified from phage display
screening, EB429, can functionally neutralise both CC and CXC chemokines in vitro. Using
AlphaFold3 modelling, a potential mechanism of action of EB429 has been identified, predicting
binding to chemokine receptor binding sites. The main therapeutic limitation of EB429 is its low

potency, with IC50 values being within the micromolar range.
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2.3.1 Phage Display Identifies CC and CXC Binding Peptides

The work in this chapter identifies a peptide sequence from a class B evasin capable of binding
to CC and CXC chemokine classes, which, to our knowledge, has not been previously reported.
The identification of EB429 is a novel result, as class A and class B evasins are structurally distinct
protein sub-classes. One further peptide capable of binding to CC and CXC chemokines was also
identified by phage display in this chapter. However, it was not investigated as it showed binding
to only one CC chemokine. This chapter aimed to identify a promiscuous binding peptide, as
chemokine-inhibiting treatments targeting a single chemokine have shown limited therapeutic

benefit in clinical trials%®.

Screening of the class B evasin library yielded fewer promiscuous peptide binders compared to
the screening of the class A evasin library”®. Using the same selection criteria for both libraries,
30 peptides of interest were identified from the class A evasin screen, compared to 13 from the
class B evasin screen. The class A library contained 4,741 peptides, compared to 4,439 in the
class B library, making the library sizes roughly comparable. It is possible that sequences derived
from class A evasins are more promiscuous binders than those from class B. Generally, far fewer
class B evasins have been explored than class A. The most extensively explored class B evasin is
EVA3, known to inhibit ELR* chemokines and prevent neutrophil recruitment to a murine
peritoneal cavity and knee joint®”®), Class B evasins bind exclusively to ELR" or ELR" CXC

79 As there are fewer numbers of CXC chemokines in

chemokines, forming two distinct classes
the ELR" or ELR groups than CC chemokines to which class A evasins bind, class B evasins may

be capable of binding to fewer chemokines promiscuously than class A evasins.

To prevent a non-specific peptide from being identified in phage display, experiments described
in this chapter use the negative control complement protein C5a. Cba was selected as a negative
control because itis a chemotactic protein of a similar size to a chemokine, but not a chemokine

itself“?®. Any peptide sequences that bound to C5a were excluded from subsequent analysis.
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Multiple wash steps were included post-incubation to prevent the non-specific binding of phage-
displaying peptides to the plate. Three selection rounds are used to select peptides that bind to
their chemokine target with high affinity. Peptide sequences in the input phage library are
identified using next-generation sequencing. Libraries with fewer than 95% of the desired peptide
sequences are remade and sequenced again to ensure high library coverage. Enrichment of
peptides following phage display is calculated compared to their presence in the input phage
library, shown as log2E, ensuring that enrichment is not overestimated if a peptide is present in

large numbers in the input library.

A key consideration is that, although phage display has identified peptides capable of binding to
chemokines, this binding does not necessarily mean that these peptides will inhibit chemokine
function. Peptides may bind to the chemokine in areas not needed for cell signalling and
chemokine receptor binding. Peptides may also increase chemokine signalling and not
necessarily inhibit migration. Consequently, the workflow used ensured that peptide hits were

validated using in vitro cell migration experiments.

2.3.2 Novel Properties of Evasin-derived Peptides

The proposed hypothesis for why identified peptides (previously described”®) can bind to
multiple chemokine classes, while their parental evasins cannot, has yet to be confirmed. It is
possible that previously identified peptides derived from evasin sequences were capable of
binding to multiple chemokine classes, but this has not been studied. As it was widely believed
that these peptides would have the chemokine class specificity of their parent evasin, they may
never have been tested against different chemokine classes. For instance, testing of the Eva4

mutant peptide Glu14-Asn31 using CXC chemokines was not reported®””.

Due to their shorter length and greater conformational flexibility, peptides may access

chemokine-binding sites that are inaccessible to full-length evasins“?”

), potentially facilitating
binding to multiple chemokine classes. Evasin proteins will be affected by steric hindrance to a
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larger degree than their peptide derivatives. Due to the evasin proteins having a locked

428 Furthermore, the sequence of

conformation, they will also lack the flexibility of a peptide!
amino acids that bind to CC chemokines may have been obscured in the evasin and exposed in

a peptide sequence. This combination of factors may allow the linear peptide sequence to bind

to a larger range of chemokines than evasins.

Another potential explanation is that EB429 has an unpaired cysteine residue, which would likely
be oxidised to form a disulphide bond within the parental evasin. A previously identified peptide
within the laboratory, HD2, also had an unpaired cysteine residue and could bind to multiple
chemokine classes, unlike its parental evasin®. Cysteine residues have various functions; they

429 Previous

can form disulphide bonds and also increase a peptide’s non-covalent interactions!
work has indicated the importance of cysteine residues. When mutated to alanine or serine,
peptides appear to lose their binding ability, as demonstrated by phage display”®. Further
evidence for the importance of cysteine is demonstrated by the peptide BK1.5, which loses its

ability to block chemotaxis when its cysteine residue is removed®“®®,

2.3.3 Cell Migration Assays Confirm EB429 Inhibition of CC and CXC

Chemokines

EB429 was shown to bind to multiple CC and CXC chemokines in phage display screening and
was selected for further testing. In transwell in vitro cell migration experiments using activated
CD8" T-cells, EB429 functionally inhibited the chemokines CXCL9, CXCL10, CXCL11, CXCL12aq,
and CCL19. The negative control used here was a randomly scrambled peptide sequence of
EB429, termed EB429 SCR. Using a scrambled peptide sequence as a control ensures that the
peptide’s function is sequence-specific and that the amino acid residues themselves do not
confer chemokine binding ability. Using such a control demonstrates that the amino acid
residues in their specific sequence provide the function of the peptide, not the residues
themselves in any position.

87



Chapter Two - Identification and Characterisation of EB429

Inhibition of CXCL9, CXCL10, CXCL11 and CCL19 by EB429 was statistically significant, and
inhibition of CXCL12a was modest but significant. No inhibition was seen for the chemokine
CCL21 using CD8" T-cells, or across multiple CC chemokines tested in the THP-1 cell line.
EB429’s ability to neutralise chemokines, therefore, appears to be specific to T-cell chemokines.
T-cell specificity may be due to EB429's ability to neutralise those specific chemokines that

recruit CD8" T-cells, or it may be specific to CD8" T-cells.

Information about whether the parental evasin of EB429 (E1096) binds to CC or CXC chemokines
would help to unpick the specificity of EB429. Previously published results using BLI showed that
E1096 does not bind to CXCL9, CXCL10, CXCL11 or CXCL12a. CCL19 was not tested in this
experiment as it focused on CXC chemokines and class B evasins. E1096 only showed modest
binding to the chemokine CXCL8®"9), At the time of testing EB429, a cell line that could migrate to
CXCL8 was unavailable. Further analysis of E1096 would help us deduce more about the ability

of EB429, but this testing was beyond the scope of the work in this thesis.

2.3.4 AlphaFold Predicts EB429 Binds to Chemokine Receptor Binding
Sites

In this chapter, AlphaFold3 has been used to model peptide binding to respective chemokines
and chemokines to their respective receptors. While multiple approaches are available®3® 43",
modelling with AlphaFold was selected due to its highly accurate predictions of a-helices and B-
sheets®*?, AlphaFold3 was selected as the most up-to-date version of the software, known to
have improved structural prediction accuracy“®. EB429 was predicted to interact with CXCL10
at the first B-sheet and the a-helix, and with CCL19 at the N-terminus and third B-sheet. These
regions correspond to the predicted binding sites of these chemokines to their cognhate

chemokine receptors. Therefore, the proposed mechanism of action for EB429 is that it occludes

the receptor binding sites on chemokines.
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Previous modelling was performed using AlphaFold2-Multimer on the peptide HD2 to elucidate
the proposed mechanism of action of the peptide chemokine inhibition. HD2 was predicted to
bind to different sites, depending on whether the chemokine was of the CC or CXC class, similar
to EB429. With CC chemokines, the peptide was predicted to bind to the N-terminus, 3-strand,
and N-loop"”®. This proposed modelling is in concordance with the NMR-based model of CCL5
and the sequence of Evasin 4 known as Ev4Glu14-Asn31. The 17-amino acid sequence differs
from HD2 by only three residues and can be assumed to have a similar binding pattern®””. HD2
binds to CXC chemokines at the B1-strand and a-helix. These two identified regions for HD2
binding to CC or CXC chemokines overlap with the predicted binding pattern of chemokines
binding to their chemokine receptors, as seen for EB429. This modelling increases confidence in
the proposed mechanism of action, occluding the chemokine receptor binding site on
chemokines. This binding would prevent chemokines from exerting their effects on leukocytes by

blocking the chemokine receptor interactions that facilitate cell migration®.

2.3.5 IC50 Dose-response Curves Identify Low Potency of EB429

For a potential therapeutic to be a candidate for development in a drug discovery pipeline,
potency is vital. Potent drugs are beneficial as they are associated with a more favourable safety

434 Increasing

profile, as a smaller amount of the therapeutic agent needs to be administered
potency is also of interest to pharmaceutical companies, as it is associated with lower
production costs“®). Potency can be determined by completing dose-response curves of the
peptide to deduce the IC50 value. The IC50 value is the half-maximal inhibitory concentration
needed to inhibit a process (chemotaxis in this thesis) by 50%. For the peptide EB429, the mean

IC50 value against CXCL10 was 4.88 micromolar. Due to the micromolar CXCL10 IC50 value, no

further IC50 curves were established.

The low potency of the EB429 peptide is a limiting factor in determining its therapeutic

effectiveness. Micromolar potency means a higher peptide concentration must be administered
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to neutralise chemotaxis effectively. For EB429, from the transition from protein to peptide, the
ability to bind to multiple chemokine classes may have been exchanged for a loss of potency. This
mirrors the reduced potency observed with the CCL5-neutralising EVA4-derived peptide®””.
Reduced potency may result from peptides being more energetically unfavourable than proteins,

438 Coupled with the complexity of the

due to their lack of conformation and ability to rotate!
chemokine network, it is unclear whether targeting only five chemokines would be sufficient to

overcome the chemokine network in a disease state. Before this can be investigated, EB429

requires improvement of its drug-like properties.

2.3.6 Limitations

2.3.6.1 Phage Display

Regions of EVA3 shown to bind to and functionally inhibit chemokines previously®® did not
appear as a region of interest in this phage display screening. The phage display screening
identified one peptide from the EVA3 sequence, which bound to CXCL8 with a log2E of 3.15. This
peptide sequence did not align with the previously described binding regions of EVA3©®, There
are multiple reasons why this known binding region of EVA3 was not identified in this phage
display experiment. Peptides are displayed on the phage via fusion of their C-terminus with the
p8 coat protein of the phage. Fusion at the C-terminus may interfere with chemokine binding.
Peptides may be missed if they do not display well on the phage, creating expression bias.
Furthermore, chemokines are biotinylated and immobilised on streptavidin nanobeads. It is
possible that this alters the presentation of the chemokines and allows for the selection of non-

optimal binding peptides.

2.3.6.2 Cell Migration Assays

The results obtained for individual chemokines using transwell chemotaxis assays cannot
recapitulate the complexities of cell migration in vivo. Chemokines and chemokine receptors are

known to synergise®. Furthermore, chemokines have low-affinity interactions with GAGs,
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present on endothelial cells. These interactions are thought to promote the formation of
chemokine gradients necessary for cell migration”®. The lack of GAGs, selectins, and integrins in
the transwell system limits the biological deductions that can be made about a peptide’s

functional ability from this assay alone.

When testing the function of EB429, if there was no evidence of inhibition, EB429 was tested
once, due to the time and cost associated with such assays. Further limitations of cell migration

assays are discussed in chapter three.

2.3.6.3 AlphaFold3 Modelling

Modelling of EB429 with AlphaFold3 should be inferred with caution. The mechanism of action of

437 would resolve the

EB429 is gathered from modelling only. X-ray crystallography or NMR!
structure of a given peptide and chemokine. Such experiments would be costly and time-
consuming for multiple peptides against multiple chemokines, as well as for chemokines
interacting with their cognate chemokine receptors. While modelling provides a time-effective

solution, inferences from this modelling need to be confirmed with structural studies to make

definitive statements on the mechanism of action.

2.4 Conclusions and Future Directions

In summary, phage display, NGS, and cell migration assays have identified a peptide derived from
a class B evasin that is capable of inhibiting multiple chemokine classes. This work reaffirms the
results of the group’s previous work and establishes that the phage display evasin library
screening pipeline can identify novel promiscuously binding peptides. This result is significant
because class A and B evasins are structurally distinct subclasses. The major limitation of this
work remains the low potency of EB429, as shown by IC50 curves with CXCL10. In the following

chapter, peptide improvement strategies will be discussed. Subsequent efforts will aim to
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enhance the potency and broaden the chemokine binding range of EB429 to enhance its

therapeutic potential.
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3. Chapter Three - Molecular Evolution of EB429

3.1 Introduction

EB429 was identified by phage display screening of the class B evasin library. Phage display
demonstrated that EB429 bound to CC and CXC chemokines and was selected for
characterisation in functional chemotaxis assays. EB429 significantly inhibited the migration of
multiple CXC chemokines and CCL19, confirming the cross-chemokine binding seen in phage
display. This dual-class inhibition was a novel result, as no cross-class chemokine binding or
inhibition had been reported for a class B evasin or derivative peptide. Despite this positive result,
the potency of EB429 was in the micromolar range when tested against CXCL10. Therefore, the
drug-like properties of the peptide EB429 require improvement before it can be considered a

viable chemokine targeting therapy.

3.1.1. Peptide Therapeutics

Over the last two decades, technological advances have rapidly expanded the potential of

peptide therapeutics. As of December 2023, 80 peptide drugs were in the clinic, 200 were being

tested in clinical trials, and over 600 were in the advanced stages of pre-clinical work*®.

Advances in peptide pharmacokinetic properties and bioavailability have contributed to this“®.

However, peptide drugs often suffer from short half-lives, due to rapid renal clearance and

susceptibility to proteolytic lysis“*?.

Many approaches now exist to improve peptide properties. C-terminal amidation prevents

(441

peptide degradation by enzymes such as exopeptidases“’. Similarly, the N-terminus of the

442

peptide can be acetylated, which is also protective against enzymatic degradation“?. Cyclic

peptides demonstrate enhanced resistance to enzymatic cleavage compared to their linear
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counterparts, while also conferring benefits such as increased target affinity“*®. PEGylation of
peptides involves attaching a peptide to a polyethylene glycol chain (PEG) to improve solubility
and increase the peptide’s size to prevent rapid excretion by the kidneys“'®. Replacing
conventional L-amino acids with D-enantiomers can further extend half-life**%, A short half-life or
peptide renal clearance can be beneficial, as exemplified by oxytocin, where rational drug design
aimed to produce a drug with rapid renal clearance to prevent drug accumulation with repeated

445)

administration“*®, Different modifications can be selected to enhance specific functional

properties of a peptide, depending on the drug-like property that needs to be addressed.

3.1.2 Peptide Improvement Strategies

Another peptide property that research may aim to improve is the binding affinity of a peptide for

406 405)

its biological target. Deep mutational scanning®“®, affinity selection mass spectrometry“®, and

47 have all been utilised as high-throughput methods to enhance protein and

yeast display"
peptide binding affinity. This work aims to employ a peptide improvement strategy to enhance the
potency of EB429, which is currently in the micromolar range. One facet of potency is the binding

446

affinity to a target“®. EB429’s potency may be enhanced by improving its binding affinity. The
techniques described above are typically used to enhance the binding affinity of a molecule to

one target. The work described in this chapter aims to enhance the potency of EB429 against

multiple chemokine targets, for which the techniques described above were less suitable.

Saturation mutagenesis is a widely used tool in protein engineering. Saturation mutagenesis can
improve both antibody binding affinities and pharmacokinetic properties in tandem®“”). In this
mutagenesis strategy, a codon in a protein or peptide sequence is substituted with all possible
natural amino acids. Codon substitution can be done at one position or all amino acid positions
using a degenerate codon, such as the NNK codon®, Saturation mutagenesis, coupled with

phage display, allows for the screening of multiple peptide mutants against multiple chemokines.
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3.1.3 The CoSMOS Pipeline

The coupling of combinatorial saturation mutagenesis, phage display, and next-generation
sequencing was previously established within the group and was termed the Combinatorial
Saturation Mutagenesis Optimisation Strategy (CoSMOS)“®). This pipeline successfully
enhanced the drug-like properties of the peptide HD2, thereby improving the peptide’s potency
and the number of chemokines to which HD2 could bind and inhibit. CoSMOS was conducted in
two stages. The first step was to identify single mutant peptides with one amino acid change that
showed improved binding compared to HD2, with inhibition validated in cell migration assays.
Secondly, the 16 top-hit beneficial single mutations were combined to identify combinatorial
mutants that showed additive benefits compared to the single mutants. To test peptide efficacy
in a disease-relevant in vitro model, RNA sequencing data was analysed to create pools of
chemokines expressed in diseased tissues. Combinatorial mutants successfully inhibited the
migration of primary human immune cells to these complex chemokine pools, demonstrating
their effectiveness in in vitro disease-relevant complex mixtures of chemokines. The
combinatorial mutants also showed significantly enhanced potency over HD2, illustrating the

benefits of the CoSMOS pipeline.

3.1.4 Aims and Hypotheses

The EB429 peptide exhibits therapeutic potential through its dual chemokine class binding and
inhibition of primary T-cell chemotaxis, but it requires improvement of its drug-like properties.
This chapter hypothesises that the CoSMOS pipeline will enable the identification of EB429
mutant peptides with enhanced potency and inhibition breadth. Therefore, this chapter aims to
apply the CoSMOS strategy to the EB429 peptide sequence, improve the potency and binding

range, and evaluate the effectiveness of the CoSMOS protocol.
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This chapter aims to:

e Generate an NNK mutant EB429X library.

e Screenthe EB429X library using phage display and next-generation sequencing.

e Characterise single mutant peptides in cell migration validation assays to identify
mutants with enhanced potency and inhibition breadth.

e Generate a combinatorial EB429XC library.

e Screenthe EB429XC library using phage display and next-generation sequencing.

3.2 Results

3.2.1 EB429XP Phage Library Generation

To test whether changing single amino acid residues in the EB429 sequence would lead to
improved chemokine binding in phage display compared to EB429, a mutant phage library was
designed and constructed. Using the degenerate NNK codon, saturation mutagenesis generated
a phage library including the EB429 sequence and 304 single-residue mutant peptides (Figure
3.1). Quality control steps to ensure library quality included titering the library and performing a
phage spot test. The spot test demonstrates that the phage can infect bacteria, thereby ensuring

the phage’s functionality.
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Figure 3.1 - Saturation mutagenesis library design and generation workflow. Experimental design of the NNK
saturation mutagenesis library. An NNK codon replaces every residue of the EB429 sequence, creating a
library of 304 mutants. The mutant library is synthesised as an oligonucleotide pool and assembled into a
phagemid vector. The phagemid vectors are then transformed into bacteria. Phage is generated in
transformed bacteria with helper phage.

The EB429 NNK phage display library was created, and a sample was sent for NGS to determine
peptide coverage. Given the library’s small size, full (100%) library coverage was desired. The first
three attempts to generate the library did not yield all the required peptide mutants. As the
second and third libraries contained all mutants when combined, a sample of EB429XP2 and
EB429XP3 was pooled and sent again for NGS. This pooled sample, termed EB429XP4, contained

the EB429 sequence and all 304 single-residue mutant peptides (Figure 3.2).
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Figure 3.2 - EB429XP4 phage library peptide composition tile plot. Tile plot of peptide counts in the
EB429XP4 phage library. The residue position is shown on the X-axis, and the heatmap of peptide counts is
shown on the Y-axis. The scale is colour-coded, with low peptide counts shown in blue and high peptide
counts shown in red. Data analysed by SB.

The (wild type) WT EB429 sequence was overrepresented in the library, and the frequency of
peptides varied due to the differing frequency of codons within the NNK system. The presence of
EB429 within the library is an artefact of the NNK phage library design, as the WT EB429 sequence
was produced 16 times by replacing every amino acid with an NNK codon. The EB429
overrepresentation resulted in all mutant peptides competing with the WT EB429 sequence when
screened in phage display. This overexpression of WT EB429 ensures that mutants identified by

phage display would have outcompeted the WT EB429 sequence for chemokine binding.

3.2.2.EB429XP Phage Library Screening and Mutant Analysis

The EB429XP4 library was screened against 23 biotinylated chemokines in parallel. As described
previously, NGS identified peptides that had bound to the chemokine targets following three
selection rounds. Peptide enrichment was calculated by comparing the peptide output after
phage display with the input library, designated as a log2E value. For each EB429 mutant peptide,
the log2E values for a peptide chemokine pair were then compared to the log2E values of the WT
EB429 for that chemokine. This comparison gave each mutant EB429 peptide a delta log2E value

(Alog2E). The Alog2E was calculated to identify peptides with higher chemokine enrichment
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compared to the WT EB429 sequence. Any peptides that demonstrated enrichment to the

negative control chemoattractant C5a were excluded from the analysis.

As this work aimed to increase potency and binding breadth, mutant peptides of interest were
identified by looking at two variables. Mean Alog2E was used to identify mutant peptides that
showed an increase in overall enrichment across all selecting chemokines, to identify peptides
with broader chemokine-binding profiles. Peak Alog2E was used to identify mutant peptides with
significantly higher enrichment for specific chemokines, thereby selecting peptides with
enhanced potency. To account for both breadth and potency, peptides were ranked by their mean
and peak Alog2E, and 16 selected ‘improving’ mutants were identified with mutations across 13

residue positions (Figure 3.3).
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Figure 3.3 - Top 16 EB429 single mutant peptide tile plot. Tile plot of delta log2E (Alog2E) of single EB429
mutant peptides. Alog2E refers to mutant peptide enrichment in phage display compared to the parental
WT EB429 enrichment. Positive Alog2E indicates higher binding than EB429 of a peptide to a given
chemokine, whilst negative Alog2E indicates lower binding to a chemokine than EB429. The mutant residue
position is shown on the X-axis, and selecting chemokine is on the Y-axis. The scale is colour-coded, with
negative Alog2E values in blue and positive Alog2E values in red. Data analysed by SB. The log2E of the

WT EB429 peptide in phage display was ~0. This lack of enrichment is likely due to EB429 mutants
outcompeting WT EB429 for chemokine binding. Despite EB429 originating from a class B evasin
capable of binding solely to CXC chemokines, the EB429 mutants showed enrichment against all
23 chemokines tested. However, only five peptides showed enrichment against CCL2, and only

three peptides showed enrichment against CCL25.

The peptides T5SW and D16W had a significant log2E compared to EB429 when selecting mutants
with the highest mean log2E and from amongst the top 16 selected ‘improving’ mutants. G11Y

had a significant log2E compared to EB429 when examining mutations that maximised peak XC
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binding and mean XC binding. P13Y had a significant log2E when examining mutations that
maximised mean XC binding (Figure 3.4). As the peptides T5W, G11Y, P13W, and D16W showed
the highest enrichment in the binding parameters described above, they were selected for

validation in chemotaxis assays.
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Figure 3.4 - Effect of EB429 mutations on log2E.Box-whisker plots demonstrating the impact of single EB429
mutants on log2E as identified by phage display. The log2E refers to mutant peptide enrichment in phage display
compared to the parental WT EB429 enrichment. Individual plots indicate their selection criteria with titles. The
top left-hand plot identifies the 16 mutants with the highest log2E compared to EB429 when looking at mutations
that maximise mean binding to XC chemokines. The bottom left-hand plot identifies the 16 mutants with the
highest log2E compared to EB429 when looking at mutations that maximise peak binding to XC chemokines. The
top right-hand plot identifies the 16 mutants with the highest log2E compared to EB429 when looking at mutations
that maximise mean binding to all chemokines. The bottom right-hand plot identifies the 16 mutants with the
highest log2E compared to EB429 when ranking all mutations that maximise mean and peak log2E to all
chemokines. EB429 or mutant peptides are identified on the x-axis, and log2E is shown on the y-axis. EB429 is
coloured in blue as the negative control, and mutations demonstrating an improvement in log2E compared to
EB429 are shown in yellow, as identified using a two-sided Dunnett’s test for multiple comparisons with a
threshold value of >0.55. Asterisks indicate the following: **p < 0.01, *p < 0.05. Data analysed by SB.

3.2.3 EB429 Single Mutants are Potent Inhibitors of CXC Chemokines

The chemokine inhibition of the EB429 mutants T5W, G11Y, P13W, and D16W was compared to
the WT EB429 peptide in cell migration assays using CD8" T-cells. The positive controls were HD2
single mutant peptides“® or the triple warhead evasin P1834, as appropriate for each assay.
EB429 SCR peptide contained WT EB429 amino acids in a randomly shuffled sequence and was

used as a negative control peptide.

101



Chapter Three — Molecular Evolution of EB429

The EB429 mutant peptides all inhibited CD8" T-cell chemotaxis to CXCL9, CXCL10, CXCL11,
CXCL12a and CCL19 (Figure 3.5). The inhibition by these mutant peptides was statistically
significant for all chemokines tested, except for CXCL9. The TSW mutant peptide was most
potent as it inhibited chemotaxis to baseline levels (‘cell only’ column). TSW also outperformed
the positive control in assays with CXCL11 and CCL19. All peptides showed improvement in

inhibition compared to EB429 across at least one chemokine.
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Figure 3.5 - Effect of EB429 single mutants on CD8* T-cell migration to CXC and CC chemokines. Bar
charts with standard deviation error bars depicting the effect of EB429 mutants on activated CD8" T-cell
migration to CXC and CC chemokines. All experiments were performed as three technical replicates and
three biological replicates. Individual data points indicate mean values of technical replicates per
experiment. Cell migration values were normalised to the mean value of migrated cell counts to the EC80
chemokine concentration and set to 1000 cells, as displayed on the Y-axis. The X-axis shows experimental
constituents. Peptides were tested at a final concentration of 10 uM. Chemokines were tested at their EC80
doses, as indicated. EB429 SCR was used as a negative control, containing the scrambled amino acid
residues of EB429. The statistical significance of EB429 was calculated compared to EB429 SCR using a
one-way ANOVA and a Dunnett’s test for multiple comparisons. Asterisks indicate the following:
****n < 0.0001, ***p<0.001, **p<0.01, *p < 0.05.
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3.2.4 EB429 Single Mutants Demonstrate Inhibition of CCL21

To test whether an increase in chemokine binding breadth had also been achieved, the single
mutant peptides were tested against a range of CC chemokines, against which EB429 showed no
effect. This testing was conducted using the THP-1 cell line and CD8" T-cells. The EB429 mutants

demonstrated no effect against selected THP-1 CC chemokines (Figure 3.6).

Despite this, the EB429 single mutant peptides demonstrate inhibition of the CD8" migrating
chemokine CCL21 (Figure 3.7). Previous data indicated that EB429 could not inhibit CCL21
(Figure 2.6). The T5SW peptide was able to inhibit chemotaxis to baseline levels. G11Y and D16W
also demonstrated inhibition comparable to T5W. The binding to CCL21, coupled with improved
potency (demonstrated by testing at a single concentration), supports the functional

improvement of EB429 single mutants.
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Figure 3.6 — Effect of EB429 single mutants on THP-1 migration to CC chemokines. Bar charts with
standard deviation error bars depicting the effect of EB429 on THP-1 migration to CC chemokines. All experiments
were performed as three technical replicates indicated by individual data points. The Y-axis shows THP-1 cell
migration values. The X-axis shows experimental constituents. Peptides were tested at a final concentration of 10
M. Chemokines were tested at their EC80 doses, as indicated. EB429 SCR was used as a negative control,
containing the scrambled amino acid residues of EB429. The statistical significance of EB429 was calculated
compared to EB429 SCR using a one-way ANOVA and a Dunnett’s test for multiple comparisons. Asterisks
indicate the following: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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Figure 3.7 - Chemotaxis assays demonstrating the ability of EB429 mutants to inhibit CD8* T-cell
migration to CCL21. Bar charts with standard deviation error bars depicting the effect of EB429 mutants
on activated CD8" T-cell migration to CCL21. The experiment was performed as three technical replicates
and three biological replicates. Individual data points indicate mean values of technical replicates per
experiment. Cell migration values were normalised to the mean value of migrated cell counts to the EC80
chemokine concentration and set to 1000 cells, as displayed on the Y-axis. The X-axis shows experimental
constituents. Peptides were tested at a final concentration of 10 uM. Chemokines were tested at their EC80
doses, as indicated. EB429 SCR was used as a negative control, containing the scrambled amino acid
residues of EB429. The statistical significance of EB429 was calculated compared to EB429 SCR using a
one-way ANOVA and a Dunnett’s test for multiple comparisons. Asterisks indicate the following:
****n < 0.0001, ***p<0.001, **p<0.01, *p < 0.05.

3.2.6 EB429XC Library Generation

The top 16 selected EB429 single mutations were then tested to determine whether
combinations of these mutations would be more effective than the single mutants themselves.
Identifying beneficial combinations of mutations was necessary, as all four mutant peptides
demonstrated an improvement over EB429 (to varying levels of significance) for all tested
chemokines. Therefore, an EB429 combinatorial library, termed EB429XC, was created. The
library consisted of EB429, EB429 SCR, 16 single EB429 mutants and all possible combinations
of these 16 mutations. The library compromised 3,777 mutant peptides (Figure 3.8). The
EB429XC library was created as previously described. NGS analysis of the EB429XC library

indicated that 3651 of the 3777 peptide mutants were present, indicating 97% cloning efficiency.
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Figure 3.8 - Combinatorial mutagenesis library design.Experimental design of the combinatorial
mutagenesis library. The top single mutant EB429 peptides identified from the saturation mutagenesis
were combined to create a 3777-peptide mutant library. Figure made in Biorender.

3.2.7 EB429XC Phage Library Screening and Mutant Analysis

The EB429XC phage library was screened against 28 biotinylated chemokines in parallel (an
increased number of chemokine targets due to increased supplier availability). C5a was used as
the negative control, and any peptides binding to C5a were excluded from the analysis. The log2E
was calculated as described previously. The Alog2E for each single and combinatorial EB429
peptide was calculated as described previously, compared to WT EB429. This analysis method
ensured that there was no bias in the analysis of single mutants compared to combinatorial
mutants. The median Alog2E was calculated for each combinatorial mutant across all screened
chemokines, which ranked the Alog2E values. The 20 ‘best’ (CM-max) and ‘worst’ (CM-min)
mutants were identified. Mutants were compared with the Alog2E of the single mutants and the

CM-max and CM-min mutants (Figure 3.9).
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Figure 3.9 - EB429XC phage display tile plot. Tile plot of delta log2E (Alog2E) of single mutant (SM) and
combinatorial (CM) EB429 peptides. Alog2E refers to mutant peptide enrichment in phage display
compared to the parental WT EB429 enrichment. Positive Alog2E indicates higher binding than EB429 of a
peptide to a given chemokine, whilst negative Alog2E indicates lower binding to a chemokine than EB429.
Median Alog2E ranked the CM peptides across all chemokines. The top 20 ranked CM peptides (CM-max)
and the worst 20 are shown (CM-min). The mutant residue position is shown on the x-axis, and selecting
chemokine is on the y-axis. The scale is colour-coded, with negative Alog2E values in blue and positive
Alog2E values in red. Data analysed by SB.

All the CM-min mutants showed a decline in Alog2E compared to WT EB429. The single mutant
peptides also show Alog2E values of ~0 (except for 14W and I4Y binding to CXCL5). The CM-max
mutants exhibit high Alog2E values compared to WT EB429.

The sequences of the CM-min and CM-max peptides were aligned using ‘ClustalW’ to identify
whether there were discrepancies between mutations that maximised chemokine binding and
those that reduced chemokine binding (Figure 3.10). There is no overt similarity between the CM-
min and CM-max mutant sequence alignments, except for the residues C1, V2, E3, Y6 and F7.
The lack of substitutions at the first three residues was due to mutations at these sites increasing
non-specific binding to C5a, thus being excluded from the analysis. The Y6 and F7 substitutions
are identical in CM-min and CM-max, as no top single mutants had mutations in these positions.
Therefore, the combinatorial library did not include any mutations at these positions. The
mutation profiles across the 10™ to 12* positions are comparable for the CM-min and CM-max

peptides.
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Studying the CM-max peptides, 19 out of 20 of the best-binding peptides contained the T5W
mutation. The substitution of Y at residue eightand W at residue 13 was a common feature of CM-
max peptides, compared to CM-min peptides. The max binding group demonstrated significantly
more aromatic residue substitutions, with peptides including five tyrosine or five tryptophan
substitutions. The inclusion of T5W, G11Y, P13W, and D16W across the majority of the CM-max

peptides supported the rationale behind further peptide validation in in vitro assays.
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Figure 3.10 - Sequence alignment of the 20 best and 20 worst combinatorial peptides. Sequence
alignment for indicated combinatorial EB429 peptides and indicated conserved residues. Sequences were
aligned using ClustalW. Median Alog2E ranked the combinatorial peptides across all chemokines. The top
20-ranked combinatorial peptides and the worst 20 are shown, as indicated. The first three residues are
identical between the best and worst peptides, as mutations at these sites increased non-specific binding
to Cba as identified by phage display, and were excluded from analysis. Residues are coloured using the
Taylor scale. Data analysed by SB.

When deciding which mutant peptides to select and test in cell migration validation assays, the mutant
peptide with the highest median Alog2E was chosen, CM2627 (Table 3.1). To characterise mutant
peptides with a variety of mutations, the best and worst 20 combinatorial mutants were analysed

by creating an unrooted tree (Figure 3.11). The unrooted tree utilised the previously performed
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sequence alignments of CM-min and CM-max peptides. The unrooted tree investigated the
similarity between peptide sequences by calculating the pairwise evolutionary distance for each
peptide compared to CM2627 using an identity matrix. This analysis grouped the CM-min and
CM-max peptides separately. As CM2627 had the highest Alog2E, the selection of four other CM-
max peptides was made for validation based on their distance from CM2627. Using this tree, the
peptides CM1629, CM3355, CM3384, and CM3583 were selected. In this way, peptide testing
could encompass a range of mutations at various positions, providing more information about

the different combinations of mutations.

Table 3.1 - Selected combinatorial peptides, sequences and Alog2E as identified by phage display

Peptide Name Sequence Alog2E
CM2627 CVEIWYFGGWGDWIFD 5.65
CM3384 CVEYWYFYDFYYWIQW 5.54
CM1629 CVEWWYFYDFYDPIQD 5.39
CM3583 CVEYWYFYDWGYWIQW 5.56
CM3355 CVEWWYFYDFYYWSFW 4.81
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Figure 3.11 - Unrooted tree of EB429 best and worst combinatorial mutants. Unrooted tree of the top
20 (CM-max) and worst 20 (CM-min) combinatorial EB429 peptides, as identified by phage display, ranked
by median Alog2E. Peptides are indicated by the rightmost nodes, with subsequent nodes indicating
sequence similarity, where more nodes indicate greater distance between the sequences and therefore
less sequence similarity. The peptide with the highest median Alog2E was identified as CM2627. ClustalW
was used to align peptide sequences, and pairwise evolutionary distances were calculated for peptides
from CM2627 using an identity matrix. Peptides were ranked based on their sequence distance from
CM2627, and the peptides with the highest distance from the CM-max group are highlighted with blue
squares. The scale is colour-coded, with negative Alog2E values in yellow and positive Alog2E values in
blue. Data analysed by SB.

3.3 Discussion

Peptide and protein improvement strategies have undergone rapid development over the past few
decades, facilitated by high-throughput techniques such as yeast surface display and phage
display®® 499, The Bhattacharya laboratory developed the CoSMOS pipeline to improve the
physical properties of chemokine-binding peptides, such as HD2. This pipeline combines
saturation mutagenesis, phage display, and next-generation sequencing to identify single-mutant
peptides with enhanced chemokine binding. Single mutations are combined and re-screened

using phage display to identify beneficial mutation combinations. Cell migration validation
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demonstrated that CoSMOS can successfully identify peptides with enhanced potency and

increase the number of chemokines that the peptides can inhibit®“°®,

In this chapter, the CoSMOS pipeline was applied to the peptide EB429. EB429 was first identified
in chapter two, but bound to a limited humber of chemokines and displayed only micromolar
potency against CXCL10. Using the CoSMOS pipeline, single mutants of EB429 have been
identified that exhibit significantly enhanced inhibition of CD8" cells, as demonstrated by
chemotaxis assays. Mutants were more potent at inhibiting CD8" migration to several CXC
chemokines when tested at equimolar concentrations, and inhibition was also observed to a new
chemokine, CCL21. Combinatorial mutagenesis identified beneficial combinations of these
mutations, demonstrating high delta log2E values (Alog2E). This data supports testing of the

combinatorial mutants in cell migration assays.

3.3.1 Saturation Mutagenesis Produced Single Mutants with
Improved Potency and Binding Range

The work in this chapter has identified single-residue mutant EB429 peptides with significant
improvements over the WT EB429 peptide. The NNK saturation mutagenesis strategy was
selected because it generates fewer stop codons than alternative degenerate codon strategies.
To prevent further stop codons, an NDT codon strategy may also be used, but the NDT codon

449 However, the NNK codon encodes

restricts the number of amino acids that can be used to 12
for A, T, G, or C in the first two codon positions and codes for T or G in the final codon position“®?,

This substitution creates all 20 possible standard amino acid residues at each amino acid

position in the 16-amino acid peptide sequence whilst introducing only one stop codon.

As described in Vales et al., a clear correlation was observed between the phage display data of
HD2 single alanine mutants and their migratory abilities in cell migration assays"®. If a peptide

had a high Alog2E, as identified by phage display, it would perform better as an inhibitor of
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chemotaxis, with a Spearman correlation coefficient (R) of 0.76"9. This evidence, coupled with
the identification of potent EB429 single-mutant peptides via phage display, provides confidence

that the phage display output correlates with the identification of potent chemokine inhibitors.

Phage display enabled the identification of four mutant peptides, which were subsequently
validated in chemotaxis assays. Statistically significant inhibition was seen for the chemokines
CXCL10, CXCL11, CXCL12a and CCL19 compared to EB429. There was no significant
improvement in the inhibition of CXCL9 by EB429. This lack of significance is a consequence of
EB429 being a potent inhibitor of CXCLS9. Inhibition was also achieved for the chemokine CCL21

with the peptides T5W, G11Y, and P13W.

The mutant peptides were characterised primarily in assays using primary human CD8" T-cells,
isolated from leukocyte cones. Due to donor heterogeneity, dose-response curves and EC80
values had to be established for each donor and often differed significantly between donors. This
phenomenon is less pronounced when using a standardised cell line, such as THP-1 cells. The
variation between donors may explain the differing EC80 chemokine values between Figures 2.5
and 3.5, as well as the differing effect of EB429 on the inhibition of CXCL11. The difference in the
potency of CXCL11 may also be due to the use of different peptide batches, which may vary
slightly in concentration due to manual pipetting inconsistencies when peptides are
resuspended. The use of primary cells, where donor heterogeneity is observed in response to
chemokines, provides confidence that peptides may be effective in reducing CD8" T-cell
migration in patients; however, this approach may also introduce further sources of variation. No

other discrepancies in inhibition were observed with EB429.
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3.3.2The CoSMOS Pipeline has Identified Combinatorial EB429
Mutants with High Delta Log2E Values

The CoSMOS pipeline was first applied to the HD2 sequence, yielding results that indicated
peptides could be mutated to enhance their binding range and potency to their chemokine
targets“’®. This chapter demonstrates that combining single “improving” EB429 mutations can
allow the identification of peptides with a higher Alog2E compared to single mutants. The high
Alog2E of the CM-max mutants likely explains the lack of enrichment seen for the single mutants,
as they may have been outcompeted due to the higher binding affinity of the CM-max peptides.
Furthermore, employing the same technology confirmed the previously published findings
regarding the potential application of CoSMOS, validating CoSMOS as an effective high-

throughput platform for peptide optimisation.

The negative values for the CM-min mutants in this chapter demonstrate that all ‘beneficial’
single mutations cannot be randomly combined, as they may have deleterious effects on
chemokine binding when combined. Thus, combinatorial mutagenesis demonstrates that not all
beneficial mutations can be combined at random, and that phage display is a pivotal step in

identifying beneficial combinations of mutations.

Through NNK mutagenesis and subsequent phage display screening, it was discovered that
peptides containing aromatic residues had a higher Alog2E than those containing other amino
acid residues. As a higher Alog2E would imply a higher binding affinity to the chemokine targets,
engineering peptides with multiple aromatic residues may increase the non-specific binding of
the peptide to other off-target proteins. Aromatic residues are known to contribute to various
interactions, such as Pi-Pi stacking and dispersion forces“*". C5a was used as a control in the
phage display experiments to prevent non-specific peptide interactions, with any peptides

binding to Cba being excluded from subsequent analysis. Despite this, the combinatorial
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mutants were not characterised in cell migration assays in this chapter. This work will be explored

in chapter four.

Identifying a peptide chemokine inhibitor from a class B evasin is a positive result, building on the
success of potent peptide inhibitors identified by CoSMOS through the evolution of the HD2
peptide®’®. A new peptide sequence, identified from a structurally distinct evasin subtype, is a
novel finding. The significance of this result is exemplified by the significant inhibition observed
with the mutant T5W. This chapter has validated the CoSMOS pipeline and identified novel

peptides capable of inhibiting CXC and CC class chemokines.

3.3.3 Limitations

3.3.3.1 NNK Mutagenesis

The tile plot of the top-hit single mutants, as identified by phage display, appears different from
the analysis of the combinatorial mutants, particularly for the chemokines CCL3 and CCL5. The
reason behind this discrepancy is that the methods used for analysing the phage display from the
NNK library and the combinatorial library differed. Briefly, this arises from the different
approaches used for dealing with peptides that have zero proportion of counts in the input phage
library but are present in the output. This results in enrichment values of infinity, and to avoid this,
zero proportions were replaced with the lowest input proportion in the experiment®“®. Where the
proportion of countin output was not available, it was replaced with the lowest output proportion

408 This analysis led to

in the experiment rather than zero, which would result in a -Infinity log2E'
an artefactual elevation in Alog2E to the chemokines CCL3 and CCL5. An improved method to
avoid issues with infinity was subsequently applied to the bioinformatic analysis of combinatorial
mutants. Adjusted counts for input and output libraries were generated from raw counts by

408

adding 1 to all counts to avoid division by zero, and frequency determined“®. Potential inhibitory

peptides may have been missed due to the skewed analysis of the single mutant library. Despite
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this, the identification of T5SW and subsequent enhancement of combinatorial peptides have led

to the discovery of promiscuous and potent binding peptides by employing the CoSMOS pipeline.

3.3.3.2 Cell Migration Assays

All chemotaxis experiments described thus far have used single chemokines. It is widely known
that upwards of 30 chemokines can play a role in specific inflammatory diseases®. Further
testing is required in a model that can reflect the biological role of chemokines, which cannot be
recapitulated using single chemokine assays. Therefore, testing of combinatorial peptides using
single chemokines was not completed. The lack of testing limits insights that can be made about

their effects on cell migration assays at this stage.

The chemokines used in these experiments are made in bacteria. Proteins produced in bacterial
cells can have different crystal structures from their native or mammalian-produced

%2 Such structural changes may affect

counterparts, despite having nearly identical sequences
the results seen in cell migration assays. Whilst using chemokines made using bacteria was
necessary for consistency, these chemokines may behave differently from their native

counterparts. This discrepancy stresses the need for a biologically relevant model which does

not rely on recombinant chemokines, such as an in vivo air-pouch model.

3.4 Conclusions and Future Directions

In conclusion, CoSMOS has successfully mutated the EB429 sequence, enabling the discovery
of EB-derived peptides with increased potency and breadth of inhibition. The characterisation of
single mutants made it clear that testing peptides against all possible chemokines in cell
migration assays was nhot appropriate due to the time and significant costs associated with these
assays. Furthermore, testing in cell migration assays against individual chemokines lacks
biological relevance. Many chemokines have active roles in diseased tissues and do not work in

isolation. In previous work, this limitation has been overcome by generating pools of synthetic
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chemokine pools that mimic disease states and using them to characterise the therapeutic

408,

potential of anti-chemokine peptides®®®. This approach was applied to the study of the selected

combinatorial EB429 mutants and is described in the following chapter.
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4. Chapter Four - Biological Activity of EB429

Combinatorial Peptides in Models of Insulitis

4.1 Introduction

As described in chapter three, saturation mutagenesis of the EB429 sequence yielded single-
residue mutant peptides with significantly enhanced chemokine inhibition. The TSW mutant
exhibited potentinhibition and binding to a new CC chemokine, CCL21. The EB429 sequence was
further mutated using the CoSMOS methodology developed by the group®“®®. Single mutations
were combined, and the combinatorial mutants were screened in phage display. Selected
combinatorial mutants demonstrated significantly enhanced chemokine binding compared to
the single mutant peptides. Whilst encouraging, the combinatorial peptides require
characterisation in cell migration assays. A key limitation of performing single-chemokine cell
migration assays is that chemokines do not function in isolation®”. In previous work this
limitation has been overcome by using pools of synthetic chemokines that mimic the disease

408

state!®®, This approach was applied to study the selected combinatorial EB429 mutants in cell

migration assays with a focus on chemokines expressed in T1D islets.

4.1.1 ChemokinesinT1D

T1D is characterised by the immune-mediated destruction of insulin-producing beta cells within
islets. Progressive destruction of beta cells results in patients becoming nonresponsive to blood
glucose, requiring exogenous insulin as their disease progresses and as they lose functional beta

cell mass®®®

). Insulitis, is a hallmark of T1D?%9_ Insulitis is associated with immune infiltration and
robust chemokine production. T-cells which recognise islets, termed autoreactive, follow

chemokine gradients and migrate to the sites of insulitis. Beta cell destruction is mainly
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facilitated through autoreactive CD8* T-cells“®**. Autoreactive CD4" T-cells provide the required
activation signals to the CD8" cells!"®. Both CD8"and CD4" T-cells are therefore crucial for the

250

development of T1D®%, Recent advances in T1D treatments focus on teplizumab, a CD3-

targeting treatment that results in T-cell depletion and exhaustion®®?. Two infusions over two
weeks prevented T1D progression from stage two to stage three for approximately 18 months®%®,

Despite this, treatments such as teplizumab have risks of opportunistic infections. Therefore,

there is a clinical unmet need for the treatment of T1D.

Several lines of evidence suggest that chemokines play a role in the pathogenesis of T1D.
Pancreas sections from newly diagnosed T1D patients revealed CXCL10 expression by beta cells,
accompanied by corresponding CXCR3 expression on infiltrating T-cells®*"). Targeting CXCR1/2
has been explored as a means to prevent beta cell destruction following islet transplantation®4?,
This chemokine therapy did notimprove C-peptide levels post-transplantin a stage three clinical

%4 From mouse data, targeting chemokines has been shown to prevent the development of

triall
T1D. Using a CC chemokine decoy receptor D6, the development of T1D was prevented in 60% of
NOD mice®®?. Using the herpesvirus-derived M3 protein, a pan-chemokine inhibitor, the selective

expression of M3 on beta cells prevented 100% of NOD mice from developing T1D®®",

Targeting chemokines, which recruit T-cells, in the islets may be a novel strategy for T1D. By
targeting chemokines in the islets, CD8" T-cells may be prevented from migrating and thus
destroying the insulin-producing beta cells. The EB429 peptides appear to be T-cell-specific and
potent inhibitors of chemokines that recruit CD8" T-cells. To validate whether the EB-peptides
could be a novel treatment for T1D, they must be tested in assays which reflect the biologically

relevant chemokines in T1D, using CD8" and CD4" T-cells.

4.1.2 Models of T1D

Several well-characterised models recapitulate insulitis (Table 1.1). As described in chapter one,
the ideal model for T1D would be the NOD mouse model. The NOD mouse model spontaneously
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develops autoimmunity and insulitis. Insulitis can be observed from weeks six to eight, with

455,

immune cell subtypes similar to those in human T1D%“*®, NOD models are expensive, and more

evidence of peptide effectiveness is required before progressing to the mouse. Therefore, an

intermediate step is needed between in vitro chemotaxis assays and murine models.

Chemokines can be profiled from patients’ serum. Serum-based methods detect chemokine

quantities in circulation, which are unlikely to represent chemokines in or around islets

456

accurately“®®, Pancreas tissue from recently diagnosed T1D patients would be the ideal tissue to

deduce chemokine expression. Over the last decade, the network for pancreatic organ donors

with diabetes has been established and allows investigation using T1D tissue from recently

151

deceased T1D patients"®". While scRNA sequencing has been performed on such tissues“”), the

chemokine network based on scRNA sequencing has not been systematically examined as yet.

Another approach that is commonly used is to stimulate donor human islets with cytokines“®®

460 Cytokine stimulation mimics insulitis and has been used to determine chemokine

(323

expression®®, Due to the scarcity of human tissue, induced pluripotent stem cell-derived beta

461

cells (SCBCs) are an attractive alternative“®”. However, inducing beta cell differentiation from

SCBCs is highly challenging and costly, and the standards of cell maturation vary across

protocols.

4.1.3 Deducing Chemokine Levels in T1D

Bulk RNA sequencing can be used to estimate chemokine expression levels in a tissue of interest
by determining the transcript abundance of chemokines. Single-cell RNA-seq data could also be

used if chemokine quantities from individual cell types were required, but may miss low-

462)

abundance transcripts A limitation of RNA-based quantifications is that transcript

abundance may not accurately reflect actual chemokine quantities due to variations in

(463, 464

translation and post-translational processes ). Proteomic-based investigations could be

used to quantify specific chemokine quantities in tissue®s®.
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For this project, islet tissue from newly diagnosed individuals with T1D would be ideal, but this
was hot possible to obtain. An attractive alternative is cytokine-stimulated human islets. The
RNA-sequencing method was selected to create a chemokine pool from a publicly available
dataset®®, Access to healthy donor islets enabled a complementary proteomic approach, so the

approach of cytokine-stimulating human islets was also pursued.

4.1.4 Aims and Hypotheses

Targeting CD8" recruiting chemokines is a novel approach to prevent CD8" T-cell-mediated
destruction of beta cells within the pancreas. This targeting may prevent the progressive
destruction of beta cells upon diagnosis of T1D or could be supplemented with treatments such
as teplizumab. The method of peptide testing previously described used single chemokine cell
migration assays. Chemokine networks in disease states are complex and synergistic, involving
upwards of 20+ chemokines. Biologically relevant models of T1D and the chemokines implicated
are required to evaluate the EB-peptide series. The hypothesis is that an EB429-derived peptide

will effectively prevent T-cell migration to a pool of insulitis mimicking human chemokines.

The primary aim of this chapter is to characterise the EB429 peptide series using a chemokine
pool based on RNA-sequencing data from cytokine-stimulated human islets. Using this model,

IC50 curves will be generated, allowing for the determination of peptide potency.

This chapter aims to:

e Characterise the EB429 mutant peptide series in an RNA-sequencing-based pool of
human insulitis-like chemokines.
o Determine the potency of lead EB429 mutant peptides using CD8" T-cells.

o Develop ahuman CD4" T-cell line and test the top mutant peptides using this cell line.
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4.2 Results

4.2.1 RNA-sequencing Data Demonstrate Chemokine Gene Abundance
of the Cytokine-stimulated Human Islets

The dataset GSE226888 was selected because it provided bulk RNA-sequencing data from
human islets subjected to cytokine stimulation, which mimics early insulitis in T1D. The dataset
included RNA-seq data from five cadaveric islets stimulated with IL-1B and IFN-y for 24 hours®“®®),
Chemokine expression levels in this dataset were analysed by SB (Figure 4.1)“%®), Based on
chemokine expression, a synthetic chemokine pool was created such that individual chemokine
molar concentrations were at ratios determined by the mean relative expression of chemokines

in the dataset (Table 4.1). This chemokine pool was named “insulitis”. The chemokine XCL2 was

not available for purchase and was excluded from the chemokine pool.

GSE226888 Human cytokine stimulated donor islets, n =5
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Figure 4.1 - Bulk RNA-seq of chemokine expression in cytokine-stimulated human islets.Box-whisker
plot of chemokine expressed in five cytokine-stimulated human islets. Information was retrieved from the
GEO database, dataset GSE226888. Chemokine genes are shown on the x-axis, and the chemokine
transcripts per million are shown on the y-axis. Chemokines are colour-coded by chemokine class. Yellow-
shaded chemokines are CXC chemokines, green-shaded chemokines are CC chemokines, and the orange-
shaded chemokine is CX3CL1. An asterisk (*) indicates a chemokine that is not available for purchase.
Data analysed by SB.
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Table 4.1 - Chemokines and their respective concentrations and volumes in the insulitis pool

Chemokine Concentration (uM) Volume in 1mL (pL)
CXCL10 3.98789 398.8
CXCL11 1.84811 184.8
CXCL9 1.2918 129.2
CXCL8 0.70482 70.5
CX3CL1 0.66769 66.8
CXCL16 0.44904 44.9
CXCL1 0.34731 34.7

CCL2 0.16514 16.5
CXCL2 0.12674 12.7
CXCL6 0.11593 11.6
CXCL5 0.08012 8.0
CCL5 0.06409 6.4
CCLM 0.04682 4.7
CCL22 0.03749 3.7
CCL20 0.01826 1.8
CCLs8 0.01775 1.8
CXCL3 0.01336 1.3
CCL19 0.01121 1.1

CCL28 0.00646 0.6

4.2.2 Insulitis Pool Testing Demonstrates Combinatorial Peptide

Efficacy

To characterise the EB CM-derived peptides, they were first tested against the insulitis chemokine
pool using CD8" T-cells. Dose-response curves were performed to determine the chemokine
dose to be used (Figure 4.2). The chemokine concentration selected for testing was the EC50
value, as it provided a large dynamic assay range without being cost-prohibitive. EB429, EB429
SCR, and all single and combinatorial mutants were tested using the insulitis pool in a single-
concentration inhibition assay (Figure 4.3). Any peptide inhibition of this complex chemokine
pool was significant compared to inhibition in single chemokine assays previously performed.
Therefore, the EB429 SCR negative control peptide was used as the point for comparison and
statistical analysis. The positive control for these experiments was HD2 CM304, the group’s best

inhibiting peptide at the time of testing. All peptides were tested at equimolar concentrations.
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Modest inhibition of CD8" migration to the chemokine pool was observed for EB429. Significant
inhibition was observed for the best single mutant, T5W. Significant inhibition was also observed
for the combinatorial mutants CM1629, CM2627, CM3355 and CM3384, but only slight inhibition

was observed for CM3583.
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Figure 4.2 — Representative dose-response curve of the insulitis pool using activated CD8" T-cells.
Migrated cell count values are displayed on the Y-axis. The X-axis shows the concentration of the
chemokine pool as a Log10 of molar concentration. Each data point shows the mean value of the technical
replicates at each concentration of the chemokine pool tested, with their standard deviation error bars
shown. EC80 and EC50 values were calculated by plotting a 3-parameter dose-response log-logistic plot
using GraphPad Prism.
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Single Concentration Inhibition Assay
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Figure 4.3 - Effect of EB429 combinatorial mutants on CD8* T-cell migration to the insulitis chemokine
pool. Bar charts with standard deviation error bars depicting the effect of EB429 mutants on activated CD8*
T-cell migration to the insulitis chemokine pool. The experiment was performed as three technical
replicates and three biological replicates. Individual data points indicate mean values of technical
replicates per experiment. Cell migration values were normalised to the mean value of migrated cell counts
to the EC50 chemokine concentration and set to 1000 cells, as displayed on the Y-axis. The X-axis shows
experimental constituents. Peptides were tested at a final concentration of 10 uM. EB429 SCR was used as
a negative control, containing the scrambled amino acid residues of EB429. The statistical significance of
EB429 mutants was calculated compared to EB429 SCR using a one-way ANOVA and a Dunnett’s test for
multiple comparisons. Asterisks indicate the following: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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4.2.3 Characterisation of EB-CM Mutants Demonstrates Cell Death for
Three Mutants and CM1629 T-cell Specificity

To further characterise the combinatorial mutants, they were tested using the THP-1 cell line.
Again, dose-response curves were performed to determine the chemokine dose to be used
(Figure 4.4). To maintain consistency with testing using CD8" cells, the EC50 chemokine dose
was used. EB429, EB429 SCR, and all single and combinatorial mutants were tested using the
insulitis pool in single-concentration inhibition assays (Figure 4.5). The analysis and controls
used were identical to the previous single-concentration inhibition assays with CD8" cells. No
inhibition was observed for any single mutant. The combinatorial mutants CM2627, CM3355 and

CM3384 significantly inhibited THP-1-driven migration to the insulitis pool, compared to EB429

SCR.
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Figure 4.4 - Representative dose-response curve of insulitis pool using THP-1 cells. Migrated cell count
values are indicated on the Y-axis. The X-axis shows the concentration of the chemokine pool as a Log10
of molar concentration. Each data point shows the mean value of the technical replicates at each
concentration of the chemokine pool tested, with their standard deviation error bars shown. EC80 and
EC50 values were calculated by plotting a 3-parameter dose-response log-logistic plot using GraphPad
Prism.
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Single Concentration Inhibition Assay
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Figure 4.5 - Effect of EB429 combinatorial mutants on THP-1 cell migration to the insulitis chemokine
pool.Bar charts with standard deviation error bars depicting the effect of EB429 mutants on THP-1 cell migration
to the insulitis chemokine pool. The experiment was performed as three technical replicates and three biological
replicates. Individual data points indicate mean values of technical replicates per experiment. Cell migration
values were normalised to the mean value of migrated cell counts to the EC50 chemokine concentration and set
to 1000 cells, as displayed on the Y-axis. The X-axis shows experimental constituents. Peptides were tested at a
final concentration of 10 pM. EB429 SCR was used as a negative control, containing the scrambled amino acid
residues of EB429. The statistical significance of EB429 mutants was calculated compared to EB429 SCR using a
one-way ANOVA and a Dunnett’s test for multiple comparisons. Asterisks indicate the following: ****p < 0.0001,
***n < 0.001, *p < 0.01, *p < 0.05.

To characterise whether the combinatorial mutants were non-specific, testing was performed
using primary monocytes and the chemotactic agent Cba. Dose-response curves were
completed to determine the dose of C5a to be used (Figure 4.6). The peptides were tested at an
EC80 concentration of Cba as the cost was not limiting in this assay (Figure 4.7). A positive
control C5a neutralising antibody was used. Statistical significance was compared to the peptide
EB429 SCR. The peptides CM2627, CM3355 and CM3384 inhibited monocyte-induced Cba

migration. Inhibition was not observed for CM1629 or CM3583.
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C5a Dose Response
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Figure 4.6 — Representative dose-response curve of C5a using monocytes. Migrated cell count values
are indicated on the Y-axis. The X-axis shows the concentration of C5a as a Log10 of molar concentration.
Each data point shows the mean value of the technical replicates at each concentration of the C5a tested,
with their standard deviation error bars shown. EC80 and EC50 values were calculated by plotting a 3-
parameter dose-response log-logistic plot using GraphPad Prism.
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Single Concentration Inhibition Assay
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Figure 4.7 - Effect of EB429 combinatorial mutants on monocyte migration to the chemoattractant
C5a. Bar charts with standard deviation error bars depicting the effect of EB429 mutants on monocyte cell
migration to the chemoattractant C5a. The experiment was performed as three technical replicates and
three biological replicates. Individual data points indicate mean values of technical replicates per
experiment. Cell migration values were normalised to the mean value of migrated cell counts to the EC50
chemokine concentration and set to 1000 cells, as displayed on the Y-axis. The X-axis shows experimental
constituents. Peptides were tested at a final concentration of 10 uM. EB429 SCR was used as a negative
control, containing the scrambled amino acid residues of EB429. The statistical significance of EB429
mutants was calculated compared to EB429 SCR using a one-way ANOVA and a Dunnett’s test for multiple
comparisons. Asterisks indicate the following: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.

Given the apparent non-specific effects observed with several combinatorial mutants, the
peptides were tested for their ability to induce cell death through propidium iodide labelling.
Peptides were incubated with cells for two hours, replicating the time the peptide would be
exposed to the cells in cell migration assays. Cell viability was assessed by adding propidium

iodide (Pl). The gating strategy was established using cells boiled at 100 °C for 10 minutes to set
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the Pl-positive gate. Testing was performed using CD8" cells (Figure 4.8, Figure 4.9, Figure 4.10).

The peptides CM2627, CM3355 and CM3384 induced CD8" cell death. No cell death was

observed for the peptide CM1629 or CM3583. No peptides affected cell migration when tested in

the absence of chemokine (Figure 4.11). Due to these results, CM2627, CM3355 and CM3384

were hot investigated further.
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Figure 4.8 — Representative flow cytometry dot plots of CD8" T-cells incubated with peptides.
Representative CD8* T-cells dot plots, either incubated with or without peptides. Cells were gated into two
regions (Debris and CD8" T-cells), drawn around the distinct cell population and the cellular debris. The X-
axis shows forward scatter height (FSC-H), and the Y-axis shows side-scatter height (SSC-H). All
experiments were performed as three biological replicates.
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Figure 4.9 — Percentage of cells in debris and CD8* gates following incubation with peptides.Bar chart
with standard deviation error bars showing the relative abundance of the two gating regions of CD8" T-cells.
CD8" T-cells were either incubated with or without peptides. Cells were gated into two regions (Debris and
CD8* T-cells), drawn around the distinct cell population and the cellular debris. The X-axis shows the
condition of the CD8" T-cells or which peptide they were incubated with, and the Y-axis shows the
percentage of CD8" T-cells falling in each gate. All experiments were performed as three biological
replicates.
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Figure 4.10 - Propidium iodide median fluorescence intensity of CD8" cells following incubation with
peptides. Bar charts showing the median fluorescence intensity measured in all cells by propidium iodide
fluorescence dye. CD8" T-cells were either incubated with or without peptides. The X-axis indicates the
condition of the CD8* T-cells or the peptide with which they were incubated. Median fluorescence intensity
values were normalised to the mean fluorescence intensity of the boiled control, set to 100, as indicated
on the Y-axis. The experiment was performed as three biological replicates and individual data points (the
mean of technical replicates is shown). The statistical significance of EB429 mutants was calculated
compared to the cell-only control using a one-way ANOVA and a Dunnett’s test for multiple comparisons.
Asterisks indicate the following: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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CD8 Peptide Only Test
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Figure 4.11 - Effect of EB429 combinatorial mutants on CD8" T-cell migration in the absence of
chemokine. Bar charts with standard deviation error bars depicting the effect of EB429 on CD8" T-cells in
the absence of chemokine. The experiment was performed with technical replicates indicated by individual
data points. The Y-axis shows CD8" cell migration. The X-axis shows experimental constituents. Peptides
were tested at a final concentration of 10 pM. Cell-only migration was used as a negative control. The
statistical significance of EB429 mutants was calculated compared to cell-only migration using a one-way
ANOVA and a Dunnett’s test for multiple comparisons.

4.2.4 Characterisation of a Negative Control CM1629 peptide, CM1629

SCR

The peptide CM1629 was selected as the best combinatorial mutant because it inhibited CD8" T-
cell migration to the insulitis pool without exhibiting nonspecific activity or cell death. A negative
control peptide, CM1629 SCR, was created using the same strategy as EB429 SCR. The CM1629
SCR peptide demonstrated comparable inhibition to EB429 using the insulitis pool (Figure 4.12).
CM1629 significantly inhibited CD8" migration to the insulitis pool, compared to CM1629 SCR.

Therefore, the CM1629 SCR was adopted as the negative control peptide for CM1629.
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Figure 4.12 - Effect of selected EB429 combinatorial mutants on CD8* T-cell migration to the insulitis
chemokine pool. Bar charts with standard deviation error bars depicting the effect of EB429 mutants on
activated CD8* T-cell migration to the insulitis chemokine pool. The experiment was performed as three
technical replicates and three biological replicates. Individual data points indicate mean values of
technical replicates per experiment. Cell migration values were normalised to the mean value of migrated
cell counts to the EC50 chemokine concentration and set to 1000 cells, as displayed on the Y-axis. The X-
axis shows experimental constituents. Peptides were tested at a final concentration of 10 uM. CM1629 SCR
was used as a negative control, containing the scrambled amino acid residues of CM1629. The statistical
significance of EB429 mutants was calculated compared to CM1629 SCR using a one-way ANOVA and a
Dunnett’s test for multiple comparisons. Asterisks indicate the following: ****p < 0.0001, ***p < 0.001,
**n<0.01, *p<0.05.

4.2.5 CM1629 is Effective Against CD4" T-cells and the Insulitis Pool

As both CD4"* and CD8" T-cells have pathogenic roles in T1D"%®, a CD4*T-cell line was developed.
Briefly, cells were isolated using a CD4" isolation kit from a leukocyte cone. CD4" T-cells are
known to have varied chemokine receptor expression depending on their subclassification. Th1
CD4"T-cells typically express CCR2, CCR5, and CXCRS3, Th2 CD4" T-cells express CCR1, CCRS,
CCR4, and CCR8, CCR7 is commonly expressed by naive CD4" T-cells, and Treg CD4" T-cells
express CCR3, CCR4, CCR5, and CXCR3“¢”, CD4" T-cells were characterised by labelling using

available antibodies to cell surface receptors (Figure 4.13). Cells indicate 99% receptor labelling
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for CD4. No receptor labelling for CD8 was observed. Cells also indicate 75% receptor expression
for the chemokine receptor CCR4, 27% for CCR7 and 66% for CXCR3. Other chemokine receptor
expression was negligible. This flow cytometry experiment confirms that these cells constitute a
homogenous CD4" T-cell population with no CD8" T-cell contamination. The chemokine
expression pattern suggests that these cells comprise a mixed CD4"T-cell population, with CCR4
indicating the presence of Th2, Th17, Th22, and Tregs, CXCR3 expression suggesting Th1, Th9,
and Tregs, and CCR7 indicating naive and Treg populations“®”. These indicated cell types are
consistent with the CD4" T-cell subtypes that traffic in peripheral blood“®”, and indicate that this

cell population would respond in chemotaxis assays.

Dose-response curves were performed using CD4*T-cells and the insulitis pool (Figure 4.14). The
peptides EB429, EB429 SCR, T5W, CM1629 and CM1629 SCR were tested in single-concentration
inhibition experiments (Figure 4.15). The negative control peptide used was CM1629 SCR. EB429
showed no significant inhibition compared to CM1629 SCR, and T5W showed slight inhibition.
CM1629 demonstrated significant inhibition of CD4" T-cell migration to the insulitis pool. Testing

indicates that CM1629 can significantly inhibit both CD4" and CD8" T-cells.
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Figure 4.13 - Cell receptor labelling of CD4" T-cells. Histogram plots of activated CD4" T-cell labelling
using antibodies to cell surface receptors. The antibody used for labelling is indicated above the histogram

plot. Gating was based on FITC control (yellow, indicated by R1) or APC control (blue, indicated by R2)
conjugated antibodies. The X-axis shows cell count, and the Y-axis shows fluorescence intensity.
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Insulitis Pool Dose Response
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Figure 4.14 - Representative dose-response curve of insulitis pool using activated CD4" T-cells.
Migrated cell count values are indicated on the Y-axis. The X-axis shows the concentration of the
chemokine pool as a Log10 of molar concentration. Each data point shows the mean value of the technical
replicates at each concentration of the chemokine pool tested, with their standard deviation error bars
shown. EC80 and EC50 values were calculated by plotting a 3-parameter dose-response log-logistic plot
using GraphPad Prism.
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Figure 4.15 - Effect of selected EB429 combinatorial mutants on CD4* T-cell migration to the insulitis
chemokine pool. Bar charts with standard deviation error bars depicting the effect of EB429 mutants on
activated CD4" T-cell migration to the insulitis chemokine pool. The experiment was performed as three technical
replicates and three biological replicates. Individual data points indicate mean values of technical replicates per
experiment. Cell migration values were normalised to the mean value of migrated cell counts to the EC50
chemokine concentration and set to 1000 cells, as indicated on the Y-axis. The X-axis shows experimental
constituents. Peptides were tested at a final concentration of 10 yM. CM1629 SCR was used as a negative control,
containing the scrambled amino acid residues of CM1629. The statistical significance of EB429 mutants was
calculated compared to CM1629 SCR using a one-way ANOVA and a Dunnett’s test for multiple comparisons.
Asterisks indicate the following: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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4.2.6 Combinatorial Mutagenesis Confirms Potency Improvements

To confirm potency improvements from EB429 to T5W and finally to CM1629, IC50 curves were
performed using CD8" T-cells and the insulitis pool (Figure 4.16). The mean IC50 for EB429 was
11.36 pM. The mean IC50 for T5SW was 1.78 uM. The mean IC50 for CM1629 was 602 nM. IC50
values were converted to pIC50 (negative logio of IC50 expressed as moles/litre [M]) to allow for
statistical differences to be analysed between IC50 values for EB429, T5W and CM1629 (Figure

4.17). This result confirms that potency has significantly improved from EB429 to TSW and from

T5W to CM1629.
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Figure 4.16 - Inhibitory dose-response curves of EB429, T5W, and CM1629.Representative dose-
response curves depicting the potency of EB429, T5SW and CM1629 against the chemokine insulitis pool,
using activated CD8" T-cells. Cell migration values were normalised to the mean values of migrated cell
counts without peptide and set to 1000 cells, as indicated on the Y-axis. The X-axis shows the
concentration of peptide as a Log10 of molar concentration. Each data point represents the mean value of
the technical replicates for each peptide concentration tested, with standard deviation error bars shown.
IC50 values were calculated by plotting a 3-parameter inhibitor dose-response log-logistic plot using
GraphPad Prism.
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Figure 4.17 - Effect of EB429, T5W, and CM1629 on plIC50. Bar charts with standard deviation error bars
depicting the effect of EB429 mutants on pIC50 (negative log, of IC50 expressed as moles/litre [M]) against
the chemokine insulitis pool. The experiment was performed as three technical replicates and three biological
replicates. Individual data points indicate biological replicates. The Y-axis shows plC50 and the X-axis shows
experimental constituents. The statistical significance of EB429 mutants was calculated compared to EB429
using a one-way ANOVA and a Dunnett’s test for multiple comparisons. Asterisks indicate the following:
***%p < 0.0001, ***p <0.001, *p <0.01, *p < 0.05.

4.2.7 AlphaFold3 Modelling Predicts CM1629 Increases Hydrophobic
Interactions with Chemokines

To deduce a potential mechanism of action for CM1629, AlphaFold3 modelling was performed.
EB429, T5SW and CM1629 were modelled with CXCL10 (Figure 4.18). EB429, T5W and CM1629
were modelled with CCL19 (Figure 4.19). Modelling indicated that all 3 peptides occupy the same

receptor binding site on the chemokine.
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Figure 4.18 - AlphaFold3 modelling of EB429, TSW and CM1629 to CXCL10. Left to right, EB429:CXCL10,
T5W: CXCL10 and CM1629: CXCL10. AlphaFold3 predicted binding models of CXCL10 to
EB429/T5W/CM1629. CXCL10 is shown in grey, and the peptide is shown in blue. Mutated residues are
highlighted in a yellow stick format. The CXCL10:peptide binding interface within 5 angstroms is highlighted
in red on CXCL10. Figures made in PyMOL.

Figure 4.19 - AlphaFold3 modelling of EB429, T5SW and CM1629 to CCL19. Left to right, EB429:CCL19,
T5W:CCL19 and CM1629:CCL19. AlphaFold3 predicted binding models of CCL19 to EB429/T5W/CM1629.
CCL19is shown in grey, and the peptide is shown in blue. Mutated residues are highlighted in a yellow stick
format. The CCL19:peptide binding interface within 5 angstroms is highlighted in red on CCL19. Figures
made in PyMOL.

Analysis of peptide:chemokine modelling with Arpeggio was used to identify inter-chain bonds
and interactions. No significant increase in hydrophobic interactions was observed in T5W and
CM1629 when compared to EB429 (Figure 4.20). However, a significantly increased number of
hydrophobic interactions were observed at the mutated 5" residue of T5W, and the 4" and 5™

mutated residues in the CM1629 peptide (Figure 4.21). No other significant bonds or interactions
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were observed between all three peptides. These results suggest that the increase in potency
observed from EB429 to T5W and from T5W to CM1629 could be explained through an increase

in hydrophobic interactions with the chemokine targets.
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Figure 4.20 - Effect of EB429 T5W and EB429 CM1629 mutations on peptide:chemokine interactions via
AlphaFold3 modelling. Box-whisker plots of the number of inter-chain interactions between peptides and
modelled chemokines. 138 AlphaFold3 models were generated for the peptides EB429, EB429 T5W and EB429
CM1629 to the indicated chemokines. The Y-axis shows the number of predicted inter-chain bonds between
peptides and chemokines. The X-axis shows the peptide, with individual data points illustrated by the chemokine
against which the peptide has been modelled. The statistical significance of peptides was calculated compared to
EB429 using a two-way ANOVA and a Dunnett’s test for multiple comparisons. Asterisks indicate the following:
****pn <0.0001, **p <0.001, **p < 0.01 and *p < 0.05. Data analysed by SB.
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Figure 4.21 - Effect of EB429 T5W and EB429 CM1629 mutations on hydrophobic inter-chain interactions
via AlphaFold3 modelling. Box-whisker plots of the number of hydrophobic inter-chain interactions between
peptides and modelled chemokines by peptide residue. 138 AlphaFold3 models were generated for the peptides
EB429, EB429 T5W and EB429 CM1629 to the indicated chemokines. The Y-axis shows the number of predicted
hydrophobic inter-chain interactions between peptides and chemokines. The X-axis shows the peptide residue,
with individual data points illustrated by the chemokine against which the peptide has been modelled. The
statistical significance of peptides was calculated compared to EB429 using a two-way ANOVA and a Dunnett’s

test for multiple comparisons. Asterisks indicate the following: ****p <0.0001, ***p <0.001, *p<0.01 and
*p < 0.05. Data analysed by SB.

4.3 Discussion

T1D is characterised by the progressive loss of insulin-producing beta cells within the islets of the
pancreas, rendering patients unable to respond to meal-induced increases in blood glucose.
Autoreactive CD8" T-cells are primarily responsible for destroying beta cells**. Autoreactive
CD8" T-cells receive activation signals from autoreactive CD4" T-cells®?”). A revolutionary new

29 Teplizumab delays clinical T1D onset

T1D therapy, teplizumab, depletes and exhausts T-cells
by 18 months, but increasing doses may be associated with immunosuppression'*®. Targeting

chemokines that recruit CD8" and CD4" T-cells to the islets represents a novel strategy to prevent

autoreactive T-cells infiltration into islets without causing immunosuppression.

142



Chapter Four - Biological activity of EB429 combinatorial peptides in models of insulitis

In this chapter, the combinatorial peptide CM1629 has been characterised in a chemokine pool
designed to mimic chemokines in insulitis. EB429-derived combinatorial peptides were
identified in chapter three but were not assessed in cell migration assays. This chapter aimed to
create a modelthat provided insight into the chemokine milieu associated with T1D. Achemokine
pool was constructed based on RNA-seq data of cytokine-stimulated deceased-donor human
islets“?®. CM1629 significantly inhibited the migration of CD8" and CD4" T-cells to the insulitis
chemokine pool. This chapter suggests that CM1629 may have promise as a novel therapy for

T1D.

4.3.1 Bulk RNA-seq Data Provides an Insight into Chemokine
Abundance in Insulitis

To improve upon single-chemokine cell migration assays used in the previous chapters, a
chemokine pool was created based on a publicly available bulk RNA-seq dataset®®. Using RNA-
sequencing data to construct a chemokine pool was a novel strategy employed by the

408 Using a complex chemokine mixture for testing was necessary to

Bhattacharya group!
overcome the cost- and time-prohibitive limitations of single chemokine chemotaxis assays used
in chapters two and three. Streamlining testing to include chemokine pools provided the most
robust and physiologically relevant data while allowing for the rapid testing of peptides. Due to

the known interactions between chemokines, such as chemokine dimerism and synergism®®,

using chemokine pools is a more complex model than single chemokine assays.

RNA-seq data from the dataset GSE226888 was used to identify the chemokines produced by
cytokine-stimulated healthy islets from five deceased donors. The cytokines used to stimulate
theislets in this dataset were IL-1B and IFN-y for 24 hours. A substantial overlap is observed when
comparing upregulated gene expression between human islets stimulated with IL-18 and IFN-
y1468:469 and human beta cells from donors with T1D“9, Therefore, both IL-1B and IFN-y have been
robustly characterised as having a role in T1D.
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Using information from chemokine transcripts per million, a chemokine pool was constructed
based on ratios dictated by the chemokine abundance in the dataset. Bulk RNA data was used
instead of single-cell RNA sequencing data, as single-cell sequencing data does not provide
information regarding total protein production by the tissue. Therefore, single-cell RNA
sequencing was not suitable for this investigation, as multiple cell types produce chemokines in
T1D®%0  and this work aimed to reflect the total chemokine microenvironment in T1D. RNA
transcript levels do not precisely correlate with protein secretion. Several factors can confound
this, including post-transcriptional modification of chemokines®“®* 4%, Therefore, the chemokine
ratios tested in cell migration assays may not accurately reflect the abundance of chemokines in

T1D.

Due to the limitations of using RNA-seq data to estimate chemokine abundance, a proteomic-
based strategy was also investigated, and work is ongoing (Appendix). Human deceased-donor
islets were cytokine-stimulated, and the supernatant was tested for its ability to elicit CD8" T-cell
migration. The stimulation cocktail selected was 10 ng/mL of IFN-y, 10 ng/mL of TNF-a, and 2
ng/mL of IL-1B, based on the work by Sarkar et al“’". Stimulation of healthy human islets with
TNF-q, IL-1B, and IFN-y mimics the cytokines used in multiple studies, which are known to induce
T1D-relevant chemokine production®?® 324 466.471) " A stimulation time of 48 hours was selected
from the tested stimulation time course, as 48-hour stimulated samples demonstrated greater
migration than those stimulated for 24 hours. Stimulated islet supernatant was analysed to

determine the concentration of 40 human chemokines.

Difficulty accessing the arrays due to unavoidable logistical constraints resulted in delays in
sending the supernatant for array analysis. This delay precluded the analysis from being included
in this thesis. If time had allowed, a proteomic-based poolwould have been created and CM1629
tested using the available cell lines. The creation of a proteomic-based chemokine pool remains

an avenue for future work.
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The chemokines in the RNA-based pool correlate with those chemokines identified as either
pathogenic or present in T1D. CXCL10, the most abundant chemokine in the RNA-seq pool, has
been robustly identified as a pathogenic chemokine in T1D®%%3%*%), |ikewise, CXCL9 and CXCL11
are implicated through the upregulated expression of their chemokine receptor, CXCRS3, in
T1D®?", CCL5, CCL8, CCL22 and CX3CL1 have been identified from further RNA-seqg-based
analysis®?®. The presence of the chemokines CXCL1/2/3/5/6/8 is implicated by the trialled (but
failed®4) inhibition of the chemokine receptors CXCR1/2 to prevent beta cell destruction post

342) Evidence from mouse models has identified the chemokine CXCL16 in

islet transplantation’
NOD mice“? and CCL2 production by beta cells exacerbated monocyte migration and diabetes
development in transgenic models“’®. XCL2 was not available for purchase and was thus

excluded from the pool creation. The correlation with previously seen chemokine data increases

the confidence that this pool resembles the chemokines present in insulitis.

4.3.2 The Combinatorial Peptide CM1629 Significantly Inhibits CD8" and
CD4"T-cell Migration

In this chapter, the peptide CM1629 has been identified. Developed from the peptide EB429,
CM1629 contains five sequence mutations. The mutations of 14W, T5W, G8Y, G11Y, and S14l have
improved the mean potency from 11.36 uM (EB429) to 602 nM (CM1629) using the insulitis pool
and CD8" T-cells. Potency curves provide robust evidence for using the CoSMOS methodology,
as transitioning from a single mutation to five mutations improved the potency of CM1629 roughly
threefold, from the mean IC50 value of T5W, 1.781 uM, to 602 nM. By converting the IC50 values
to pIC50 and comparing plC50 values of EB429, T5W, and CM1629, step-wise statistically

significant improvements can be observed.

Alphafold3 modelling of EB429, T5W, and CM1629 was completed to elucidate the mechanism
underlying this significant improvement in potency. Using Arpeggio, SB modelled the interactions
between peptides and chemokines. Both T5SW and CM1629 have significantly more hydrophobic
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interactions with chemokines than parental EB429 at mutation sites introducing tryptophan

474)

residues. Hydrophobic interactions are typically enriched in effective ligands“’¥, suggesting a

mechanism behind the improved potency of EB429 compared to CM1629.

CM1629 significantly inhibits the migration of CD4" T-cells, but does not affect the migration of
THP-1 cells or primary monocytes. Therefore, CM1629 appears to work selectively on T-cell
recruiting chemokines. In T1D, resident macrophages have been reported to contribute to the
inflammatory milieu through antigen presentation to autoreactive T-cells and their accumulation

478 However, inhibiting macrophage migration may be detrimental to

during disease progression!
health in T1D patients. Resident macrophages promote beta cell proliferation through the
upregulation of the protein SMAD7“®. Data from mouse models suggest that resident
macrophages may play a critical role in islet vasculature through VEGF-A“- 48 and beta cell

crosstalk*™®

. Specific inhibition of T-cell migration in T1D, whilst not affecting resident
macrophages, could offer targeted protection without immunosuppression, positioning CM1629

as a promising therapeutic candidate.

CD4" T-cells were labelled with antibodies to chemokine receptors available at the time of
testing, and were positive for CXCR3, CCR4 and CCR7. The isolation of CD4" T-cells in this work
did not distinguish between subclasses of CD4"T-cells. As T1D is considered a disease primarily
mediated by CD8" T-cells and Th1 CD4* T-cells®*® 2% and to confirm that CM1629 blocks Th1 cell
migration, future work will focus on isolating a homogenous population of Th1 CD4" T-cells. This
isolation could be achieved using a commercially available Th1 differentiation kit (CDK001, R&D

Systems) to prevent the isolation of a heterogeneous CD4" T-cell population.

Crucially, CM1629 did not elicit any cell death, had no effect on cells in the absence of
chemokine, and did not affect non-specific C5a-induced monocyte migration. Such experiments

are crucial in pre-clinical drug development to ensure specificity for the intended drug target.
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Coupled with T-cell specificity, which may prevent immunosuppression, CM1629 should now

progress into in vivo models.

All testing in this chapter was completed using an EC50 concentration of the chemokine pool,
rather than the previously used EC80 concentration, to reduce assay costs. The chemokine EC80
concentration was initially selected to maintain a robust assay window and was used in previous
chapters. Testing of EB429-derived peptides using the chemokine pool strategy reduced the
overall humber of assays, but it required a large amount of expensive chemokine pools.
Therefore, EC50 chemokine pool concentrations were used. While an EC80 chemokine dose is
historically used in inhibitor assays to maximise the linear range available on the dose-response

curve to detect inhibition, the use of an EC50 concentration is a reasonable compromise®“®®,

The next step in the development of EB-derived peptide translation to the clinic would include in
vivo mouse models of inflammation or diabetes. The peptides have thus far been tested against
human chemokines. Chemokine sequence homology varies between humans and mice.
Therefore, testing is required to ensure the peptides can inhibit mouse chemokines. Previously
identified peptides by the Bhattacharya group have been effective in an in vivo inflammatory

403)

mouse air pouch model“®® and a mouse cardiovascular disease model“®®. Therefore, CM1629

may be effective against mouse chemokines and immune cells, but further testing is required.

4.3.3 Limitations

4.3.3.1 Combinatorial Peptide Cell Death

Three out of the five selected combinatorial peptides resulted in cell death. The peptides
CM2627, CM3355, and CM3384 were toxic to CD8" T-cells, as observed through Pl labelling. This
cell death was an unexpected result, suggesting that selecting peptides based solely on Alog2E
may not be an effective strategy. Reflecting on peptide sequences and limiting the humber of
aromatic residues may prevent this. Aromatic residues may increase the potential of peptides to

(481-483

penetrate cell membranes ), potentially contributing to peptide-induced cytotoxicity. An
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investigation into the exact mechanism of cell death was beyond the scope of this thesis. This
cell death reaffirms the need for peptide characterisation using cell migration and other assays,
rather than relying solely on phage display data. It also confirms the hypothesis that mutations

cannot be randomly combined with automatic success®®,

4.3.3.2 In-Vitro Models

The main limitation of the work presented in this chapter is that these models cannot fully reflect
in vivo inflammation or the insulitis environment. CM1629 requires validation in an in vivo model,
such as an air pouch model, to reflect the complexity of mammalian inflammation. To test
whether this peptide can prevent the development of T1D, an NOD mouse model would be the

best choice.

4.4 Conclusions

The work illustrated in this chapter characterises the EB429 peptide, CM1629, as a potential
therapeutic for T1D. Using a strategy of deducing chemokine abundance from RNA-seq data,
CM1629 was tested against cell lines and primary immune cells. Inhibition of CD8" and CD4" T-
cells was observed with CM1629, whilst no inhibition was observed for monocytes or THP-1 cells.
The activity of CM1629, therefore, appears to be T-cell-specific. IC50 curves determined that
CM1629 now exhibits potency within the nanomolar range when tested against 20 human
chemokines and CD8" T-cells. Modelling with AlphaFold3 suggests that this increase in potency
may be due to the increased number of hydrophobic interactions resulting from peptide
mutations. While human islets were cytokine-stimulated, the limited time available meant that
the proteomic analysis and testing could not be replicated in this proteomic-based chemokine
pool, which will be investigated in future work. The next step for CM1629 testing is in vivo models
of inflammation and T1D to fully validate the peptide’s therapeutic potential. The findings of this

chapter strongly support the progression of CM1629 into in vivo validation studies.
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5. Chapter Five - Discussion, Future Work, and

Conclusions

5.1 General Discussion

In autoimmune diseases such as T1D, inappropriate leukocyte recruitment leads to aberrant

484)

inflammation and tissue damage“®¥. Chemokines drive leukocyte migration to sites of

485,

inflammation in T1D“®®. Chemokines, such as CXCL10, drive autoreactive T-cells to the site of

238)

inflammation around the islets in the pancreas in T1D! Insulitis, characterised by

inflammation surrounding the islets, is a hallmark of T1D®?", T1D treatments have been

revolutionised by targeting T-cells, but they risk immunosuppression. Teplizumab delays the

292

development of T1D by 18 months®?, but there is currently no treatment that prevents the onset

of T1D.
The therapeutic targeting of chemokines in inflammatory diseases, although promising!'®®, has
been hindered by the complexity and redundancy of the chemokine network®. A pan-

chemokine inhibiting protein, specifically targeted to beta cells in mouse models, prevented the
development of T1D""® 330 33W However, this chemokine-inhibiting protein was unsuitable for
translation as it originated from a herpes virus. Furthermore, the inhibition of the chemokine
receptors CXCR1/2 reversed diabetes in an NOD mouse model®*?, Treatment of CXCR1/2 in a

344 Chemokine

clinical trial failed to increase islet survival following islet transplantation'
redundancy is a proposed reason behind the failure of chemokine targeting in inflammation and
in T1D"%23%3) Therefore, T1D is a disease driven by T-cells, with chemokines playing a crucial role

in the disease pathogenesis. As there is an unmet disease burden for patients, targeting

chemokines that drive T-cells may be a novel treatment strategy for T1D.
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Evasins are chemokine-neutralising proteins found in the saliva of ticks and are injected when a
tick bites its host to feed®®. Evasins bind to CC or CXC chemokines, forming two structurally
distinct subclasses. Class A binds to CC chemokines, and class B binds to CXC chemokines®’®.
Ticks co-administer many evasins at the bite site, neutralising leukocyte recruitment to allow for
undisturbed feeding"'®. Evasins are effective in various in vivo mouse models of inflammation,
including fibrosis, atherosclerosis, and colitis®¥® 3% 480 488)  Degpite this, they have not been
translated into human therapeutics due to the risk of immunogenicity as they are large, heavily

glycosylated, non-human proteins.

The work established by the Bhattacharya laboratory identified a class A evasin-derived peptide,
HD2. In a novel finding, the peptide HD2 exhibited cross-class chemokine inhibition, despite
being derived from a class A evasin sequence®. To enhance the range of chemokines to which
HD2 could bind and improve its pharmacological properties, a peptide improvement pipeline
was developed. The Combinatorial Saturation Mutagenesis Optimisation Strategy (CoSMOS) was
developed and applied to the HD2 sequence®®®, To validate the mutated peptides, chemokine
pools were constructed for use in vitro assays. These chemokine pools contained 20 or more
chemokines present in disease states, such as RA, as identified by bulk RNA sequencing data“’®.
A combinatorial HD2 peptide, termed CM304, demonstrated significantly improved potency over
HD2 against chemokine pools that mimicked RA, atherosclerosis and T1D“%®. This work outlined
the success of the CoSMOS strategy and demonstrated that promiscuous chemokine-binding

peptides could be identified from evasin sequences.

The hypothesis underlying this thesis was that a dual-class chemokine-binding peptide could be
identified from a class B evasin sequence. The work in this thesis aimed to identify a dual
chemokine class binding peptide from class B evasin sequences using phage display and to
characterise peptides of interest using in vitro cell migration assays. Combinatorial saturation

mutagenesis could then be applied to this peptide to enhance its properties, such as potency.
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Finally, any peptides of interest would be validated in an in vitro model that recapitulates the

chemokines involved in T1D and insulitis.

5.1.1 Chapter Two Findings

In this chapter, phage display screening of the class B evasin library identified a promiscuous
cross-chemokine-binding peptide called EB429. EB429 demonstrated binding to CC and CXC
chemokines and was selected for validation using in vitro cell migration assays. Chemotaxis
assays validated that EB429 could inhibit CXC and CC chemokines using CD8" T-cells. Modelling
with AlphaFold3 indicates that EB429 is in proximity to the first B-sheet and the a-helix of CXCL10.
Modelling also shows that EB429 is in proximity to the N-loop, N-terminus and third B-sheet of
CCL19. This modelling provides a potential mechanism of action for EB429, binding to the
chemokine at the site where the chemokine would interact with its respective chemokine
receptor. The therapeutic translation of EB429 is currently limited by the micromolar potency
against the chemokine CXCL10, identified by inhibitory dose-response curves used to determine

IC50 peptide values.

5.1.2 Chapter Three Findings

The results of the previous chapter suggest that the pharmacological properties of EB429 require
improvement before it can be considered as a potential chemokine-targeting therapeutic. To
improve the properties of the EB429 peptide, the CoSMOS protocol was applied to the EB429
peptide sequence. A mutant EB429 phage library was constructed, with each residue of EB429
mutated to include a degenerate NNK codon. This mutant library encoded all possible EB429
single mutant peptides and was screened in phage display. Single-mutant peptides were
identified as having significantly enriched binding to chemokines compared to EB429. Several
peptides were selected for validation using single chemokine cell migration assays. EB429
mutant peptides demonstrated significant inhibition of CC and CXC chemokines compared to

EB429 and inhibition of a new chemokine. To identify whether combinations of these beneficial
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mutations would have further cooperative effects, a combinatorial phage library was constructed
and screened in phage display. The 20 best and 20 worst combinatorial mutants were identified.
The best combinatorial mutants exhibited enhanced binding to chemokines compared to EB429
and EB429 single mutants, but their functional activity required validation in cell migration
assays. More complex assays were required to fully characterise the therapeutic potential of the

combinatorial EB429 mutants in a model including multiple disease-related chemokines.

5.1.3 Chapter Four Findings

The results of the previous chapter suggest that EB429-derived combinatorial peptides exhibit
enhanced chemokine-binding abilities compared to EB429 single-mutant peptides and may be
effective in treating chemokine-driven diseases. T1D was selected as the disease model for
peptide characterisation due to T-cell-mediated autoimmunity and the implication of
chemokines in disease pathogenesis. To validate the combinatorial peptides in vitro before
progressing to in vivo models, a chemokine pool was constructed to mimic the chemokine profile
in T1D. Bulk RNA-seq data from human islets stimulated with cytokines was analysed for
chemokine abundance. Using this analysis, the insulitis chemokine pool was created for use in
cell migration assays. As RNA-seq may not accurately reflect protein expression, cytokine-
stimulated human islets were also pursued as an alternative strategy to allow for proteomic
analysis. While several mutant peptides were toxic to cells, CM1629 significantly inhibited the
migration of both CD8" and CD4" T-cells. CM1629 did not inhibit THP-1 monocytes, indicating T-
cell specificity. CM1629 is unlikely to exhibit off-target effects due to the testing performed using
the chemotactic protein C5a. Inhibitory dose-response curves demonstrate that the potency of
CM1629 has been improved 19-fold compared to EB429 and 3-fold compared to the best single
mutant, T5W, validating the CoSMOS protocol. AlphaFold3 modelling of CM1629 in complex with
chemokines suggests this increase in potency may be due to an increase in hydrophobic

interactions through tryptophan peptide mutations.
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5.1.4 Impact of Findings

In summary, the work described in this thesis has identified a peptide series derived from a class
B evasin, EB429. This work marks the first chemokine-neutralising peptide to be identified from a
class B evasin. This result is novel, as this is the first reported class B evasin-derived sequence
capable of inhibiting two chemokine classes. As demonstrated by the improvements in peptide
potency, this work validates the CoSMOS protocol for stepwise mutagenesis of peptide
sequences. The CoSMOS protocol can be applied to a peptide sequence to engineer an increase
in binding to multiple targets, as exemplified by the increase in potency achieved from EB429 to
CM1629. The work in this thesis proposes that CM1629 could be developed into a therapeutic for
T1D. By specifically targeting T-cell recruiting chemokines with nanomolar potency, CM1629 may
circumvent the risks of immunosuppression associated with T1D treatments such as teplizumab.
As CM1629 is a potent inhibitor of T-cell chemokines, it may also be effective as a treatment for

other T-cell-driven autoimmune diseases, such as RA.

5.2 Future Work

The identification and development of the peptide CM1629, although promising, requires
extensive preclinical work before its translation to the clinic can be proposed. The primary areas
to consider are converting this peptide into a viable compound for patient administration and

designing the pipeline for future assays and in vivo testing.

5.2.1 Peptide Improvement Strategies

While peptide-based therapeutics are becoming an increasingly popular drug modality, there are
downsides to peptide therapeutics compared to the more widely used monoclonal antibodies or
small molecules. Peptides have short half-lives due to rapid renal clearance and enzymatic

439)

degradation! Therefore, peptides would require repeated administration if given

subcutaneously, which can result in poor patient compliance and discomfort*®”. Other

153



Chapter Five - Discussion, Future Work, and Conclusions

administration routes are preferred, such as oral delivery, but gastrointestinal degradation and

poor intestinal permeability limit this administration44 488,

Peptide modifications can be used to enhance the drug-like properties of peptides, making them

more desirable from both commercial and patient perspectives (Table 5.1). To improve cell

489,

membrane permeability, a peptide can be conjugated to a lipid group“®. Lipidation promotes the

binding of a molecule to serum albumin, which has a half-life of approximately 20 days, thereby

improving the molecule’s half-life“%® 49", Albumin interacts with FcRn receptors present on the

492)

surface of endothelial cells“®?, allowing for albumin to be internalised via endocytosis.

Internalisation prevents clearance from circulation, and the strong binding between albumin and

493)

the FcRn prevents endosomal degradation“®®. Lipidation improved the pharmacokinetic

properties of the GLP-1 agonist liraglutide for the treatment of type two diabetes“*.

Conjugating peptides to an antibody can result in a significant increase in half-life by preventing

495

rapid kidney excretion“®®. Coupling a GLP-1 agonist peptide analogue with an anti-GIPR antibody

created a weight loss compound, AMG 133, which resulted in significant weight loss when

496,

administered subcutaneously once a month in a phase one clinical trial“®®. Coupling peptides to
a human Fc-domain has also been trialled to reduce the risk of antibody-dependent cell-
mediated cytotoxicity while retaining desirable antibody features“”. Chemokine-blocking
peptides, named BKT120 and BKT130, were coupled to a human immunoglobulin Fc chain,
creating a compound known as a peptibody. Conversion from peptide to peptibody increased the
compound’s in vitro activity and resulted in favourable pharmacokinetics in vivo“®., The
peptibody was also effective in reducing immune infiltrate and disease severity in mouse models

(498

of delayed-type hypersensitivity, arthritis, and multiple sclerosis®“®®. PEGylation can improve the

half-life of compounds by increasing their solubility, inhibiting proteolytic enzyme cleavage, and

(499

reducing renal clearance“®. PEGylation significantly reduced the biological activity of the drug

Pegasys, but due to the dramatic improvement in half-life, it was advanced to the clinic®®.
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Table 5.1 - Examples of drug modifications, benefits, drawbacks and exemplar drugs

Exemplar drug
Drug . in the
Modification Benefits Drawbacks clinic/clinical
trial
Lipidation Incregsed half-hfg, r.educed Loss of efficacy, toxicity | Semaglutide®”
immunogenicity
Improved efficacy,
Antibody increased half-life, Antibody-dependent . (502
) . ) : . Adcetris®®?
conjugation enhanced tissue cell-mediated toxicity
penetration
Increased solubility, Inconsistent PEG
. increased half-life, formulation, . 503
PEGylation . . L Zilucoplan®®®
enhanced stability, immunogenicity,
improved delivery complex manufacturing
Increased stability, Rapid clearance
Cyclisation increase cell membrane P o MK-0616%4
. reduced selectivity
permeability

Using the PeptideCutter tool (Expasy - PeptideCutter) and selecting enzymes and chemicals

presentinthe blood, it was determined that CM1629 contains one cleavage site atthe V2 residue,
which can be cleaved by neutrophil elastase. To prevent the degradation of CM1629 in the
bloodstream, the V2 residue could be methylated to prevent protease recognition. Semaglutide,
the GLP-1 agonist for the treatment of type two diabetes and obesity, contains two amino acid
substitutions to prevent enzymatic degradation. Alanine at position two has been mutated to 2-
aminoisobutyric acid, and lysine at position 28 is mutated to arginine to prevent digestion by
DPP45%) Cyclisation may also prevent enzymatic degradation and enhance peptide stability®%.
The peptide BK 1.2, an evasin-derived peptide identified by the Bhattacharya group, was cyclised

to improve conformational stability*®®. Compared to a linear control peptide, BK 1.2 showed a

loss of potency against the chemokine CCL8, from 238 nM to 729 nM.

The use of non-canonical amino acids (ncAAs) could also be explored. The term ncAA refers to
an amino acid found in nature, or made synthetically, but not typically present in protein
synthesis. ncAA’s are typically used to improve protein or peptide properties, such as binding
affinity®®”). Selectively sulfating tyrosine residues from the tick evasin ACA-01 improved the

508,

binding affinity of the protein and inhibition of chemokine targets®®). Tyrosine sulfation also
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occurs on conserved tyrosine residues in the N-terminal regions of chemokine receptors, thereby
increasing receptor binding to chemokines®®. EVA-1 in complex with CCL3 illustrates how
evasins may mimic chemokine receptors by utilising sulfated tyrosine residues. EVA-1 interacts
with the same portion of CCL3 that binds to the sulfated tyrosine chemokine receptor N-

388 Therefore, sulfation of tyrosine residues may be a means by which evasins enhance

terminus!
their binding affinity to chemokines by mimicking the action of chemokine receptors. Sulfation of
tyrosine residues on the viral protein UL22A increased the binding affinity of CCL5 300-fold®"?.
CCL11-neutralising cyclic peptides containing sulfated tyrosine residues have also been
identified®'". Sulfated tyrosines have been reported to increase the binding affinity of peptides to

512,

chemokine targets®'?, while studies have demonstrated that this incorporation is not effective in

513,

all cases®®. As CM1629 contains three tyrosine residues, this is a logical next step for

investigation.

An alternate strategy to incorporate ncAAs is to use genetic code expansion (GCE) technology®'.

GCE utilises organisms with altered tRNA and blank codons to incorporate ncAAs into the
peptides or proteins they produce. Coupled with screening technologies such as phage or mRNA
display, GCE can enable the incorporation of over 500 ncAAs. Despite this, GCE can only
incorporate one or two ncAAs at a time, and ncAAs are expressed at a lower rate than natural
amino acids, resulting in a library with limited diversity®'®. If CM1629 is to be mutated or any of
the above peptide improvement strategies applied, the peptide would require validation in cell

migration assays to confirm that there has been no significant effect on peptide function.

To better understand the importance of specific residues in the CM1629 sequence and where to
modify the peptide sequence, alanine-scanning mutagenesis should be employed on CM1629.

Alanine scanning is a commonly used method for site-directed mutagenesis and has been

516

successful in identifying amino acid residues suitable for mutating®'®. Alanine is the amino acid

(517

selected for mutations because it is non-polar and lacks bulky side chains®'”). Alanine scanning
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can be achieved using the NNK codon to create a mutant phage library, followed by screening the

library in phage display, the first step in the CoSMOS protocol.

By screening the mutant phage display library against chemokines, key residues in the CM1629
sequence can be identified. If an amino acid is crucial for the function of CM1629, mutating it to
alanine willimpact the chemokine binding and, thus, Alog2E. Amino acids that are suitable sites
for mutating will not affect chemokine binding in phage display when mutated to alanine. Alanine
mutant CM1629 peptides can then be tested in cell migration assays to validate that the peptides
do not affect cell migration compared to CM1629. Thus, sites on the CM1629 peptide sequence
that are suitable sites to mutate can be identified, and improvement strategies can be applied.
Due to the number of hydrophobic residues that CM1629 possesses, applying modifications that

improve in vivo solubility should be prioritised, such as PEGylation.

Due to evasins being heavily glycosylated®”®, the glycosylation of CM1629 should also be
investigated. To do this, CM1629 should be produced in a mammalian cell line, such as HEK-293
cells. The molecular weight of the peptide should then be examined by gel electrophoresis.
Glycosylated products appear with a higher than expected molecular weight, and glycosylation

379)

can be observed using periodic acid-Schiff staining®®, allowing for the analysis of the

glycosylation status of CM1629.

5.2.2 Peptide Targeting

A concern with targeting the chemokine network is the risk of immunosuppression. Chemokines

can have dual roles depending on their location. For example, CCL19 is vital for cell migration in

(518,519

secondary lymphoid tissues ). However, CCL19 is significantly elevated in the synovial fluid

of RA patients compared to controls, implicating the chemokine in RA inflammation®2?,

LY3041658 is a monoclonal antibody that targets the chemokine ligands to CXCR1 and

CXCR2%%3), 1.Y3041658 is currently being trialled in a Stage 2b clinical trial for a skin condition
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known as severe hidradenitis suppurativa. In a previous trial, the treatment group administered
LY3041658 reported an increased incidence of gastrointestinal disorders compared to the
placebo group. When the trial was converted to an open-label study, infections were more

521, As chemokines can have dual roles dependent on their

common among the treatment group!
spatial location and context, the risk of immunosuppression with chemokine targeting must be

considered for CM1629.

A solution to circumvent the risk of immunosuppression with chemokine-targeting is to couple

»(22) Utilising a disease- or tissue-specific molecule, a drug

the peptide to a molecular “zip code
can be targeted to the site of inflammation. This targeting enables a higher concentration of the
drug to be delivered to the desired site, thereby reducing the likelihood of off-target side effects
and enhancing both efficacy and safety. Zip code technology has been successfully employed in

cancer therapeutics®?,

Nanobodies may offer a solution. Naturally occurring in camelids, nanobodies are small (12-15
kDa) fragments of the heavy chain of an antibody (Figure 5.1). Nanobodies are reported to have
the function of antibodies, but as small single molecules®®®. A nanobody targeting TNF-a has
been approved for the treatment of RA in Japan, with administration every four weeks®*¥. Using

phage display, chemokine-binding nanobodies have been identified®*), illustrating the feasibility

wow

Conventional Heavy Chain
Antibody Only Antibody

of this approach.

Nanobody

Figure 5.1 — Nanobody structure.Structure of conventional antibodies, heavy chain only antibodies and
nanobodies. Figure made in Biorender.
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Conjugating CM1629 to a nanobody could provide the benefits associated with antibody coupling
alongside peptide targeting. Cyclic peptides have been coupled with an MHC-targeting

52) providing further rationale for this approach. To target T1D, a pancreas-specific

nanobody!
molecule would ensure nanobody accumulation at the site of insulitis. DPP6 is expressed on
alpha and beta cells within the pancreas. A DPP6 nanobody has been developed as an imaging

agent for pancreatic endocrine cells®?®52”), Despite this, as T1D progresses and beta cells are lost

due to apoptosis, DPP6 expression will decline. Further options include using a GLP-1R-targeting

528) 529)

molecule, such as exendin-4%2%, or the extracellular protein islet-amyloid polypeptide (IAPP)®%),
As exendin-4 has a slower renal clearance than other peptide sequences, between five and seven
hours, coupling to exendin-4 would also benefit half-life®*?. Furthermore, strategies to couple the

nanobody and peptide would require intensive investigation and remain an avenue for future

work.

5.2.3 In Vivo Models

The next step in the drug development pipeline of CM1629 is to test the efficacy in an in vivo
model. Air pouch models involve subcutaneously injecting sterile air into the back of a rodent,
followed by the injection of an irritant to stimulate inflammation®®*". An anti-inflammatory agent
can also be co-administered to test whether it can prevent leukocyte recruitment to the site of
injection (Figure 5.2). The fluid can be retrieved and analysed by flow cytometry. An air pouch
model using zymosan as the irritant was the in vivo model used to characterise the effectiveness

403)

of the evasin-derived peptide BK1.313,
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1) Air-pouch 2) Air-pouch 3) Irritant 4) Fluid 5) Leukocyte
creation re-inflation injection harvesting \{ ‘Y' phenotyping

b4

Figure 5.2 — Workflow of an in vivo air pouch model. Air is subcutaneously injected into the back of a
mouse on day one, and reinflated on day four. On day seven, the irritant or vehicle control can be injected
into the air pouch. Following a 24-hour incubation period, the fluid can be harvested. The fluid can then be
analysed by flow cytometry to determine which leukocytes have migrated to the air pouch. Figure made in
Biorender.

To test the therapeutic potential of CM1629 in T1D, a mouse chemokine pool that mimics
chemokines present in the NOD mouse could be used as the inflammatory agent. A NOD
chemokine poolwas constructed from the dataset GSE256150 (Figure 5.3). This chemokine pool
was constructed in the same manner as the insulitis pool described in chapter four, using bulk
RNA-sequencing data from the islets of NOD mice at the ages of eight, ten and twelve weeks.
Mice aged four and six weeks were excluded from the analysis, as the chemokine pool was not
designed to reflect early insulitis. As NOD mice spontaneously develop insulitis, cytokine
stimulation was not required to mimic T1D. This chemokine pool will be used as the inflammatory
agentin an air pouch model to validate whether CM1629 can inhibit mouse T-cells from migrating

to the air pouch.
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GSE256150 Mouse non-obese diabetic islets, n = 9
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Figure 5.3 - Bulk RNA-seq of chemokine expression in non-obese diabetic mouse islets. Box-whisker
plot of chemokine expressed in the islets of non-obese diabetic mice. Information was retrieved from the
GEO database, dataset GSE256150. Chemokine genes are shown on the x-axis, and the chemokine
transcripts per million are shown on the y-axis. Chemokines are colour-coded by chemokine class. Yellow-
shaded chemokines are CXC chemokines, green-shaded chemokines are CC chemokines, and the orange-

shaded chemokine is CX3CL1. An asterisk (*) indicates a chemokine that is not available for purchase.
Data analysed by SB.

The discrepancy between the human and mouse immune systems has been reported as areason
behind the failure of chemokine-targeting therapies in clinical trials"®® and anti-inflammatory
therapies more broadly®?. The chemokine networks differ between mice and humans®®,
Despite this, evasins can neutralise chemokines in both mice and humans®®, The success of the
evasin-derived BK1.3 in an air-pouch model demonstrates this further®®, Ticks have evolved
chemokine-targeting evasins for multiple species, as they feed on humans, dogs, deer, and

mice®®*. Therefore, the species cross specificity of evasin-derived peptides is not entirely

unexpected.

Further in vivo experiments to explore include toxicological studies, pharmacokinetics,
pharmacodynamics, and long-term safety to determine a safe dosage range®*®. Toxicological
studies should provide information regarding potential risks to human subjects if CM1629 were
to be translated into a phase one clinical trial®®®. The benefits of the aforementioned peptide

modifications to improve half-life and peptide stability need to be balanced with in vivo safety.

161



Chapter Five - Discussion, Future Work, and Conclusions

537)

Concentrations determined in vitro often do not reflect in vivo potency®®), and increasing dosing

in mouse models will allow for the determination of the peptide’s therapeutic index®®,

5.2.4 ApplicationsinT1D

The desired T1D model for CM1629 testing is the NOD mouse. Despite the issues of therapeutic

53 the NOD mouse remains the best

translation between the NOD mouse and human trials
option for an in vivo T1D model. If CM1629 is successful in air-pouch models, the NOD mouse is
the next step for therapeutic translation. CM1629 could also be used to prevent islet destruction
following transplantation. If targeted to islets using islet-specific molecules, such as DPP6 or
exendin-4, or engineered to be produced by islets or stem cell-derived beta cells, CM1629 could

prevent T-cell destruction following transplantation. Such experiments remain an avenue for

future work.

CM1629 (or future mutated formulations) could be tested on newly diagnosed T1D patients.
Genetic screening of at-risk families allows for patients to be identified when they are in the early

540

stages of disease development®®. However, screening is not yet standard among the general

population and remains a controversial practice due to cost. When patients are diagnosed, they

541

often retain functional beta cell mass and may not require insulin yet®*"). Furthermore, isolated

islets from T1D patients regained their ability to release insulin when cultured in vitro, providing

21 If treatment was

evidence that dysfunctional beta cells in insulitis can regain function!
initiated immediately upon diagnosis, beta cell mass may be preserved by preventing T-cells from
migrating to the sites of insulitis. Intervention as early as possible would be pivotal to maintaining
beta cell mass. At stage 1 of T1D, where patients present with 2+ autoantibodies but normal
glucose levels, the risk of developing stage 3 T1D within 10 years is 70%%?. This risk then rises to

85% after 15 years®*?, When patients enter stage 2 of T1D, they present with abnormal glucose

levels, indicating that the process of beta cell destruction is already underway. Currently, no
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treatments are approved for stage 1 of T1D. Therefore, treatment initiation upon stage 2 diagnosis

is vital®4?),

CM1629 may also be effective if used in tandem with teplizumab. If a chemokine inhibitor were
coupled with teplizumab, when effector T-cells regenerate post-treatment, they would not have
a chemokine gradient to follow to the site of insulitis. As teplizumab is approved for stage 2 of
T1D®4, a chemokine-targeting agent may also be effective at this stage, to prevent further beta
cell death and to preserve residual beta cell mass. If administered repeatedly, safety would be
paramount to prevent immunosuppression and minimise side effects that could hinder patient
compliance. If CM1629 and teplizumab were to be used together, this would complicate the
testing of the drug in clinical trials. If both drugs are used together, safety data for both drugs
would need to be available, and they would have to be tested in a clinical trial both together and
separately. This number of clinical trials would be associated with significant costs and is likely

to be prohibitive.

As a peptide that targets T-cell recruiting chemokines specifically, the benefit of CM1629 is not

limitedto T1D. RAis a disease characterised by T-cell accumulation within the inflamed joint that

544 545) 546)

destroys healthy tissue®**. Other examples of T-cell diseases are MS®*®, myasthenia gravis®®*®,

547) 547 549

lupus®”, vasculitis®”, Sjogren’s syndrome polymyositis®*®), autoimmune hepatitis®*®, addison’s

550 551

disease®?, and others®". CM1629 may be effective in models of T-cell-driven diseases

indicated above, which remains to be investigated.

5.3 Conclusions of the project

The work described in this thesis has identified a T-cell chemokine-inhibiting peptide, CM1629.
CM1629 is derived from a class B evasin that was identified by phage display and mutated using
the CoSMOS protocol. This work validates the CoSMOS pipeline, and the discovery of a dual

chemokine class inhibiting peptide derived from a class B evasin is a novel discovery. CM1629
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possesses nhanomolar potency against a complex chemokine mixture designed to represent
chemokines present in T1D. As T1D is primarily driven by T-cells, the ability of CM1629 to
specifically neutralise CD8" and CD4" T-cell migration makes CM1629 an intriguing therapeutic
candidate for T1D. CM1629 now requires validation in vivo and modification to enhance its

pharmacological properties, creating a desirable drug candidate.
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6. Chapter Six - Materials and Methods

6.1 Materials

6.1.1 Buffers

Table 6.1 - Description of buffers and supplier information.

Buffer Constituents Suppliers
. 8 mM Na,HPO,, 2 mM
PhOSphate(E;gfred Saline |\ 11,pO., 2.7 MM KCland 137 Sigma-Aldrich
mM NaCl, pH 7.5
PBSA Buffer PBS and 0.1% BSA Sigma-Aldrich
PT Buffer PBS and 0.05% tween-20 Sigma-Aldrich
Blocking Buffer PBS and 0.2% BSA Sigma-Aldrich
0, 0,
PBT Buffer PBS, 0.2% BSA and 0.05% Sigma-Aldrich
tween-20
0, 0,
10x PBT Buffer 10xPBS, 2% BSA and 0.5% Sigma-Aldrich
tween-20
24% Tris, 5% acetic acid and . .
50x TAE Buffer 204 EDTA Fisher Scientific
PBS, 0.5% BSA and 2 mM . .
MACS Buffer EDTA, pH 7.2 Sigma-Aldrich

10x RBC Lysis Buffer

Miltenyi Biotec
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6.1.2 Media

Table 6.2 - Description of media and supplier information.

Chapter Six - Materials and Methods

Media Constituents Suppliers

. 10 g/L tryptone, 5 g/L yeast extract and 10 g/L . .
LB media NaCl, pH 7 Sigma-Aldrich
VT media 16 g/L tryptone, 10 g/L yeast extract and 5 g/L Sigma-Aldrich

NaCl, pH 7
0.5% yeast extract, 2% tryptone, 10 mM NacCl,
SOC media 2.5 mMKClL, 10 mM MgS0O,, 10 mM MgCl,and Sigma-Aldrich
20 mM glucose
Biosearch

Technologies
Recovery Media

Fisher Scientific

RMPI-1640, 10% heat inactivated fetal calf

RPMI Cell Media serum and 4 mM L-Glutamine Sigma-Aldrich
RPMI Cell Migration RMPI-1640, 0.1% protease free BSA, 4 mM L- Siema-Aldrich
Media glutamine and 0.05% DMSO g
HBSS Cell Migration HBSS, 0.1% protease free BSA and 0.05% . .
Media DMSO Sigma-Aldrich
.CM.RL Cell . CMRL 1066 media and 0.05% DMSO Corning
Migration Media
ImmunoCult™-XF T STEMCELL

Cell Expansion
Medium

Technologies

TexMAC Medium

Miltenyi Biotec
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6.1.3 General Reagents

General chemicals were purchased from Thermo Fisher, Sigma-Aldrich and Merck. Biotinylated
chemokines and C5a were purchased from Almac or Protein Foundry (Table 6.3). Biotinylated
chemokines for phage display were reconstituted in PBS at a concentration of 1 yg/pl and stored
at-20°C for up to 12 months. Human chemokines for cell migration assays were purchased from
Peprotech, BioLegend or Novus (Table 6.4). An ‘s’ at the end of a chemokine name denotes a
truncated sequence. All chemokines were reconstituted in PBSA at 10 uM and stored at —-20 °C
forupto 12 months. Oligonucleotides were purchased from Merck or IDT. Enzymes were obtained
from New England Biolabs and Thermo Fisher. Antibodies were purchased from Miltenyi Biotec
(Table 6.5). Primer sequences were procured from Sigma-Aldrich and Life Technologies (Table

6.6).

167



Chapter Six - Materials and Methods

Table 6.3 - Biotinylated chemoattractants and supplier information

Biotinylated .
Chemoa¥tractant Supplier o8
Cbha Almac CB-90
CCL1 Almac CB-07
CCL2 Almac CB-02
CCL3 Almac CB-01
cCL4 Almac CB-23
CCL5 Almac CB-08
CCL8 Almac CB-18
CCL11 Almac CB-03
CCL14s Protein Foundry PFP0O47T
CCL15 Almac CB-19
cCL17 Almac CB-16
CCL18 Almac CB-21
CCL19 Almac CB-06
CCL20 Almac CB-05
CCL22 Almac CB-04
CCL23s Protein Foundry PFPO58T
CCL25 Almac CB-15
CCL28 Almac CB-20
CXCL1 Protein Foundry PFP029TBL
CXCL5 Protein Foundry PFPO0O4TBL
CXCL8 Almac CB-09
CXCL9 Almac CB-0
CXCL10 Almac CB-10
CXCL11 Almac CB-13
CXCL12 Almac CB-11
CXCL12B Almac CB-22
CXCL13 Almac CB-12
CXCL14 Almac CB-17
CX3CL1 Almac CB-14
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Table 6.4 - Human chemokines and supplier information.

Human Chemokines Supplier Code
CCL1 Peprotech 300-37
CCL2 Peprotech 300-04
CCL3 Peprotech 300-08
cCL4 Peprotech 300-09
CCL5 Peprotech 300-06
CCL7 Peprotech 300-17
CCL8 Peprotech 300-15

CCL11 Peprotech 300-21
CCL13 Peprotech 300-24
CCL14s Peprotech 300-38B
CCL15 Peprotech 300-43

CCL15s Novus NBP2-35043
ccL17 Peprotech 300-30
CCL18 Peprotech 300-34
CCL19 Peprotech 300-29B
CCL20 Peprotech 300-29A
CCL21 Peprotech 300-35A
CCL22 Peprotech 300-36A
CCL23 Peprotech 300-29
CCL23s BioLegend 587002
CCL24 Peprotech 300-33
CCL25 Peprotech 300-45
CCL26 Peprotech 300-48
CCL27 Peprotech 300-54
CCL28 Peprotech 300-57
CXCL1 Peprotech 300-11
CXCL2 Peprotech 300-39
CXCL3 Peprotech 300-40
CXCL4 Peprotech 300-16
CXCL5 Peprotech 300-22
CXCL6 Peprotech 300-41
CXCL7 Peprotech 300-14
CXCL8 Peprotech 200-08M
CXCL9 Peprotech 300-29
CXCL10 Peprotech 300-12
CXCL11 Peprotech 300-46
CXCL12 Peprotech 300-28A
CXCL13 Peprotech 300-47
CXCL14 Peprotech 300-50
CXCL16 Peprotech 300-55
CX3CL1 Peprotech 300-31
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Table 6.5 - Flow cytometry antibodies and supplier information.

Cell Surface . .
Receptor Antibody Name Supplier Code
REA Control Antibody (S), human . I
Control APC lsG1, APC, REAfinity™ Miltenyi Biotec 130-113-434
REA Control Antibody (S), human I1gG1, . I
Control FITC FITC, REAfinity™ Miltenyi Biotec 130-113-437
cD8 CD8 Antibody, anti-human, FITC, Miltenyi Biotec | 130-110-677
REAfinity™
CD4 CD4 Antibody, anti-human, APC, Miltenyi Biotec | 130-113-222
REAfinity™
CCR1 CCRT Antibody, anti-human, APC, Miltenyi Biotec | 130-130-365
REAfinity™
CCR2 CCR2 Antibody, anti-human, APC, Miltenyi Biotec | 130-103-830
REAfinity™
CCR3 CCR3 Antibody, anti-human, APC, Miltenyi Biotec | 130-123-341
REAfinity™
CCR4 CCRA Antibody, anti-human, APC, | - o vi Biotec | 130-117-525
REAfinity™
CCR5 CCRS Antibody, anti-human, APC, Miltenyi Biotec | 130-120-057
REAfinity™
CCR7 CCR7 Antibody, anti-human, APC, Miltenyi Biotec | 130-120-466
REAfinity™
CXCR3 CXCR3 Antibody, anti-human, APC, | 0 i Biotec | 130-120-450
REAfinity™
Table 6.6 - Primer names, sequences, and supplier information.
Primer Sequence Supplier
PRSTOP4Nsi_fwd 5'-GGAGGCGCCGAGGGTGAC i'lgrr':jh
5" Sigma-
PRSTOP4Nsi_rev | ATAGGCATTTGTAGCAATAGAAAAAACGAACATAGATGCAA Afmch
G
oligo_fwd 5'-CTATTGCTACAAATGCCTATGCAGCCTCTTCATCTGGC i'lgrr':jh
oligo_rev2 5'- TCGTCACCCTCGGCGCCTCCTCCGGATCCTCCACC i'lgrr':jh
S Life
Genewiz4_fwd | ACACTCTTTCCCTACACGACGCTCTICCGATCTCTAGCGC | -\ =7
TATGCCTATGCAGCCTCTTCA g
5'- ,
Genewiz4_rev | GACTGGAGTTCAGACGTGTGCTCTTCCGATCTCGTCTGCG Techr';':fo o
ATGACAACAACCATCGCCCA g

6.1.4 Plasmids

Plasmids for protein expression were produced by SB using the plasmid pHLSec and an In-Fusion

cloning kit (Takara)”®. Sequences contained the protein sequence of interest with an N-terminal
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His-tag. Samples were sent to Azenta/GeneWiz to confirm plasmid sequences and were

analysed using their Sanger sequencing protocol.

6.1.5 Cell Lines

All cell lines were incubated in a humidified incubator at 37 °C and 5% CO, and tested monthly
for mycoplasma using a MycoAlert kit (LT07-318, Lonza). Human CD8" and CD4" T-cells were
isolated, activated, expanded and cryopreserved as described below (Section 6.13 and Section
6.14) and were allowed to recover for 24 hours before every experiment. THP-1 cells were
obtained from ECACC (88081201) and maintained at a 0.2/0.3 x 10° cells/mL density in RPMI cell

media.

6.1.6 Proteins

KK, PM, SC or EW produced evasin proteins. Proteins were expressed in HEK293F cells. Proteins
were resuspended in PBS supplemented with 5% DMSO (D4540, Sigma-Aldrich) and stored at -

20 °C.

6.1.7 Peptides

Peptides were acquired from GenScript (Table 6.7). Peptides were synthesised using Fmoc solid-
phase synthesis, with >95% purity and a C-terminal amide. The supplier performed LC-MS to
confirm the molecular weight of the peptides. Peptides arrived lyophilised and were dissolved in
100% DMSO for 30 minutes at room temperature. PBS was then added to bring the DMSO
concentration to 5%. Peptides were then stored at 1000 uM aliquots at-20 °C. Scrambled peptide
sequences were designed by SB using the R package stringu_1.7.6 and function
stri_rand_shuffle. WT peptide sequences were shuffled 50 times, and the peptide with the largest

string distance to the WT sequence was selected by the R package stringdist_0.9.8.
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Table 6.7 - Peptides and their sequences

Peptide Name Peptide Sequence Parental Pe'ptide or

Evasin

EB429 CVEITYFGDFGDPSQD E1096_IXORI

EB429 SCR GFDYEFCVDQSGTPDI E1096_IXORI
EB429 T5W CVEIWYFGDFGDPSQD EB429
EB429 G11Y CVEITYFGDFYDPSQD EB429
EB429 P13W CVEITYFGDFGDWSQD EB429
EB429 D16W CVEITYFGDFGDPSQW EB429
CM1629 CVEWWYFYDFYDPIQD EB429
CM2617 CVEIWYFGGWGDWIFD EB429
CMB3355 CVEWWYFYDFYYWSFW EB429
CM3384 CVEYWYFYDFYYWIQW EB429
CM3583 CVEYWYFYDWGYWIQW EB429
CM1629 SCR YIYDDQEFWPDWCYFV EB429

6.2 Methods

6.2.1 Ethical Approval

Peripheral blood mononuclear cells were isolated from leukocyte cones. Granulocytes,
monocytes, and lymphocytes were harvested from buffy coats. Both blood products were
purchased from NHS Blood Transfusion Services, CUREC1 approval R75963/RE001. Deceased
donor human islets were obtained from isolation centres in San Raffaele in Milan, with written
informed consent from next of kin and approval from their ethics committee. Human islets were
procured from the Alberta Diabetes Institute in Canada, with approval from the Human Research
Ethics Board (reference Pro00013094 and Pro00001754). A final source of islets was obtained
from Oxford University’s Human Islet Isolation Facility, with ethical approval from Oxford’s
Research Ethics Committee (reference 09/H0695/2) and written informed consent from the

donor’s relatives.

6.2.2 Phage Display Library Design

Phage libraries were designed by SB, utilising wild-type class B evasins to inform the design of

nucleotide sequences. The nucleotide sequences were codon-optimised for expressionin E. coli
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using GeneDesigner 1.0 with the following settings: RNA destabilisation, a codon bias threshold
of 0.1, removal of splicing, prokaryotic ribosomal binding sites, Shine-Dalgarno sequences,
optimisation of the 5’ structure, and removal of repeats. Cysteine residues were mutated to
Alanine and Serine to prevent disulphide bond formation. Codon optimisation was then repeated
for these mutated sequences. Oligonucleotides (81-mer) were designed to encode 16-amino
acid hexadecapeptides. Each oligonucleotide was designed to encode an overlapping peptide
library with a single amino acid shift covering the entire length of the parental evasins. Each
oligonucleotide was designed to have the sequences 5-GCAGCCTCTTCATCTGGC, and
GGTGGAGGATCCGGA-3’ flanking either end to allow for cloning and amplification. The 4,439
oligonucleotide sequences encoding the peptides were synthesised as a pool on a 12K chip by

Genescript.

6.2.3 Phage Display Library Construction

6.2.3.1 pPRSTOP4 Plasmid Generation

A prSTOP4 plasmid was donated by Dr Sachdev Sidhu from the University of Toronto and had
been previously modified to include an Nsil restriction site. This plasmid was amplified using the
primers pRSTOP4Nsi_fwd and pRSTOP4Nsi_rev and a Q5 high-fidelity DNA polymerase in a 50 pL
reaction (Tables 6.8 and 6.9). Following PCR, the samples were run on a 2% TAE gel (Agarose,
(A9539-500G, Sigma-Aldrich), and 1x TAE buffer supplemented with 1% ethidium bromide
(15585011, Thermo Fisher) for 60 minutes at 120 V. A previously made PCR product was used as
a positive control and a water control was used as a negative control. Gels were visualised under
UV light using a Bio-Rad ChemiDoc imaging system. The pRSTOP4 PCR product was cleaned
using a Monarch PCR and DNA Clean-up Kit (5 pg, T1030, NEB) and quantified using a Nanodrop
Spectophotometer (Model ND-1000) to determine the 260/280 ratio. The concentration was
determined using a Qubit dsDNA Quantification high-sensitivity kit (Q3281, Thermo Fisher) with

a Qubit Fluorometer (Model 2.0).
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6.2.3.2 Oligonucleotide Pool Amplification and HiFi Assembly

The 12K Genescript oligonucleotide pool was amplified using the primers oligo_fwd and
oligo_rev2, 10ng of the oligonucleotide pool, and a Q5 high-fidelity DNA polymerase (Tables 6.8
and 6.9). To maximise library coverage, three 50 pL reactions were created and combined, and
the samples were visualised and quantified as described (Section 6.2.3.1). The oligonucleotide
PCR product was cloned into the prSTOP4Nsil plasmid using a NEB Builder HiFi kit (E5520, NEB).
100 ng of the pRSTOP4 product was combined with 5 ng of the oligonucleotide pool and 10 pL of
HiFi assembly mixture. The reactions were incubated at 50 °C for 60 minutes. Four reactions were
created and combined to maximise library coverage. The HiFi assembled prSTOP4 phagemid

vector was precipitated overnight at -20 °C.

6.2.3.3 Determination of Transformation and Insert Incorporation Efficiency

The pooled DNA was transformed into electrocompetent ElectroMAX™ DH5a-E ™ cells
(11319019, Invitrogen). DH5a-E cells were thawed on ice, and 20 pL of the cells was combined
per reaction with 5 ng of DNA. The cell and DNA mixture was pipetted into a chilled 1 mm cuvette.
Electroporation was performed using the following conditions: 2.0 kV, 200 Q, and 25 pF, with a
Bio-Rad GenePulser Xcell. To the cell DNA mixture, 1 mL of room-temperature SOC medium was
added immediately after electroporation. Cell recovery was performed for 60 minutes at 37 °C
with shaking at 225 RPM. Transformation efficiency was determined by plating out 100 pL of 1:10,
1:100 and 1:1000 dilutions onto LB plates supplemented with 100 pg/mL carbenicillin (C9231,
Sigma-Aldrich). Ten colonies were picked to determine insert incorporation efficiency, and a 25
pL PCR reaction using the Onelaq polymerase was set up (Tables 2.8 and 2.9). Clones with an
insert were identified at 271 bp, and clones missing inserts were identified at 241 bp. Clones with
aninsertwere then grown overnightin 5 mL LB media supplemented with 100 pg/mL carbenicillin,
shaking at 225 RPM at 37 °C. Following miniprep using a QlAprep spin miniprep kit (27104,

Qiagen), the samples were sent for sequencing and analysed using a Sanger sequencing protocol
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provided by the service supplier (Azenta/GeneWiz). Insert incorporation efficiency was

determined by calculating the ratio of clones that contained the correct insert sequences.

6.2.3.4 Transformation and DNA Extraction

The transformation efficiency and insert incorporation efficiency were assessed to ensure
complete coverage of the peptides within the library. To ensure adequate coverage of all peptides,
the number of peptide inserts in the library was multiplied by 30 and multiplied by the insert
incorporation efficiency. A test transformation was performed to determine the transformation
efficiency and the required plating serial dilution to avoid a bacterial lawn. Any subsequent
transformation that was lower than the expected transformation efficiency was rejected. Plates
were also rejected if the colonies were overgrown. The DNA from all transformation plates was
harvested and combined using a Genelet Plasmid Maxiprep Kit (K0491, Thermo Scientific) and

quantified as described (Section 6.2.3.1).

6.2.3.5 Phage Generation

The combined plasmid DNA was transformed into electrocompetent SS320 phage display cells
(60512, Lucigen). SS320 cells were thawed on ice, and 20 pL of the cells was combined with 1 pL
of 100 ng/mL of DNA. The mixture was pipetted into a chilled 1 mm cuvette. Electroporation was
performed under the following conditions: 1.8 kV, 600 Q, and 10 pyF. Immediately after
electroporation, cells were resuspended in 1 mL of Biosearch Technologies Recovery media
(NC9996840, Fisher Scientific) per electroporation and supplemented with 100 pyL of 10"
CFU/mL M13KO7 helper phage (N0315S, NEB). Cells were recovered at 37 °C, 220 RPM for 60
minutes. Onto an LB agar plate supplemented with 100 ug/mL of carbenicillin, 100 pL of the
recovered culture was plated to ensure successful electroporation. The remaining recovery
culture was added to 2YT medium supplemented with 50 pg/mL carbenicillin and 25 pg/mL
kanamycin (K1377, Sigma-Aldrich) and grown overnight at 37 °C with shaking at 220 RPM. The

assembled phage was precipitated from the culture by adding 22.5 mL of supernatant to 4.5 mL
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of 20 % PEG 8000 (89510, Sigma-Aldrich) supplemented with 2.5 M NaCl (S9625, Sigma-Aldrich)
and incubated on ice for 30 minutes. The phage was centrifuged at 10,000 RPM at 4°C for 10
minutes and resuspended in 1 mL of PBT. The phage library was then stored at 4°C, and a sample

was deposited at —20°C for long-term storage.

6.2.3.6 Phage Library Quality Control
The phage library was quantified using a hanodrop at 269 and 320 nm. Briefly, the phage library
was tested at various dilutions, including neat and 1:2, 1:5, 1:10, 1:50 and 1:100. This was done
to ensure consistency. Virions/mL were calculated (Figure 6.1). Phage functionality was tested
by completing a phage titration. Before the experiment, One Shot™ OmniMAX™ 2 T1® Chemically
Competent E. coli (C854003, Invitrogen) was streaked onto an LB agar plate supplemented with
5 pg/mL tetracycline. Omnimax colonies were picked and grown to an ODgo of approximately 0.6
in 2YT medium supplemented with 5 pg/mL tetracycline. 500 pL of omnimax was combined with
4.5 mL of top agar (7.5 g/L of agar in LB media) and poured onto an LB agar plate supplemented
with 50 pg/mL carbenicillin. The phage library was diluted (5 pL into 45 pyL of PBT) ten times,
creating a series of dilutions from 10" to 10™. 10 pL of each dilution was spotted onto the plate,

and the plate was imaged after overnight incubation at 37 °C.

(Az69 — Azp0) X 6 X 101°
Vector size (bp)

= Virions/mlL

Figure 6.1 — Equation for phage library quantification
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PCR Type

Components

Percentage of final
reaction volume

Final concentration

5X Q5 Reaction

0,
buffer 20% X
10 mM dNTPs 2% 200 uM
10 uM FP 5% 0.5uM
10 uM RP 5% 0.5uM
5 Pol igh-Fideli
Q5 Polymerase QSPES:’];:::W 1% 1.0 units per PCR
Template DNA 2-4% Dependent on
reaction
Nuclease-free H,O Up to required N/A
volume
5X Onequ Standard 20% 1%
Reaction buffer
10 mM dNTPs 2% 200 uM
10 uM FP 2% 0.5uM
10 uM RP 2% 0.5uM
OneTaq Pol
nelaq rolymerase 223;12':? 0.5% 1.25 units per PCR
Template DNA 10% Dependent on

reaction

Nuclease-free H,O

Up to required
volume

N/A

Table 6.9 - PCR thermocycler settings

PCR Type Step Temperature (°C) Time (seconds)

Initial denaturation 98 30
98 10
20/25 cycles 60 30

Q5 Polymerase 72 3010 180
Final extension 72 120

Hold 4-10 Indefinite
Initial denaturation 94 30
94 15
20 cycles 65 30
OneTaq Polymerase 68 30
Final extension 68 300

Hold 4-10 Indefinite

6.2.4 Saturation Mutagenesis Design and Construction

Oligonucleotides were designed with an NNK codon replacing each of the 16 amino acid residues

of EB429 (Genscript). To allow for amplification, oligonucleotides were designed to contain the

sequences 5’-GCAGCCTCTTCATCTGGC, and GGTGGAGGATCCGGA-3’. The 16 oligonucleotides
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were individually amplified using the primers oligo_fwd and oligo_rev2, using the Q5 high-fidelity
DNA polymerase. The PCR products were pooled and cloned into pRSTOP4Nsi. The remaining
steps of constructing the mutant EB429 library (designated as EB429X) were performed as

described (Section 6.2.3).

6.2.5 Phage Display Library Screening

Phage display screening experiments were performed against multiple chemokine targets in
parallel, in 96-well plates (655180, Greiner Bio-One). All washing steps were performed using a
96-well magnetic separator. Biotinylated C5a was used as a negative control to prevent non-
specific binding throughout the experiment. Streptavidin-coated beads (Dynabeads™ M-280,
11205D, Invitrogen) were washed with 5 pl in 200 yL of PBS. The streptavidin beads were
incubated with 1 ug of biotinylated chemoattractants in 100 pl of PBS (P4417, Sigma-Aldrich) at
4 °C overnight, with shaking at 250 RPM. Unbound chemoattractants were washed off with 200
pL of blocking buffer, and plate contents were transferred to a new 96-well plate. The plate was
then blocked in 200 pL of blocking buffer at room temperature for two hours, shaking at 250 RPM.
Following blocking, the plate was washed four times with 200 pL of PT buffer, and the plate
contents were transferred to a new plate. Phage libraries were diluted to 10" CFU/mL, and 100
pL/well was added to the chemokine-bound beads. The library was incubated with the
chemoattractant-bound beads for two hours at room temperature, shaking at 250 RPM. To
remove unbound phage, the beads were washed 15 times with 200 pL PT buffer and transferred
to a new 96-well plate. The phage was eluted by adding 100 pL of Omnimax E. coli, in 2YT media
supplemented with 50 pg/mL of kanamycin, when the bacteria had reached an optical density
(OD) between 0.4 and 0.8. The beads and Omnimax were incubated at 37 °C for 30 minutes with
shaking at 220 RPM. 10 pL of 10 CFU/mL M13K07 helper phage was added and incubated for 45
minutes at 37 °C, with 220 RPM shaking. The cells were transferred to a 96-deep-well plate

(CLS3960, Corning) in 1 mL 2YT medium supplemented with 150 pg/mL carbenicillin and 75
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pg/mL kanamycin. Following an overnight incubation with shaking at 220 RPM at 37 °C, the plate
was centrifuged at 2000 g for 30 minutes at 4 °C. 540 pL of supernatant was transferred to a new
deep-well plate containing 60 pL of 10x PBT for storage at 4 °C. Phage display screening was
repeated for three rounds of selection. The same method was applied on the subsequent days,

using the phage produced from the previous day and stored in 10x PBT at 4 °C.

6.2.6 Next Generation Sequencing

Phage that had been successfully selected were amplified using the Genewiz4_fwd and
Genewiz4_rev primers (Life Technologies) and a OneTaq polymerase (Tables 2.8 and 2.9). The
positive control was the library used in the phage display experiment, and the empty pRSTOP4
vector served as the negative control. The PCR products were quantified using the Qubit dsDNA
Quantitation High Sensitivity kit, and the 260/280 ratio was determined using a nanodrop. 25 pL
of each sample at 20 ng/mL was sent to Azenta/GeneWiz and analysed using their Amplicon EZ

protocol.

6.2.7 Next-Generation Sequencing Analysis

Analysis of next-generation sequencing was performed by SB (Figure 6.2). Sequences containing
both forward and reverse demultiplexing regions and constant regions were analysed to identify
insert sequences (Table 6.10). Reads with ambiguous or non-identical insert sequences or
incorrect insert size (not 48 nucleotides) or not coding for peptide sequences present in the
designed library were excluded. Insert peptide sequences were counted and frequency
determined. Following selection, enrichment (E) was calculated as the ratio of output to input
peptide frequencies and expressed as log2E. Where proportion of count in input library was not
available it was replaced with the lowest input proportion in the experiment rather than replacing
itwith 0. This is needed to avoid a value of E that is infinity. Peptides that showed binding to control

(C5A, log2E>0) were excluded from downstream analysis.
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lllumina not present
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Completed using custom made R scripts, made and analysed by Shoumo Bhattacharya

>
>

Figure 6.2 - Overview of phage display analysis. Paired-end illumina next generation sequencing (NGS)
was used to analyse phage display data. NGS analysis identified insert sequences that contained both
demultiplexing regions and constant regions. Quality control steps ensured only inserts of the correct size,
and those present in the input library were analysed. Phage library analysis determined peptide frequency
in the ‘input’ library. Phage display analysis determined peptide frequency in the ‘output’. Peptide
enrichement in phage display could then be calculated as the ratio of output peptide frequency to the
input, expressed as log2E. Any peptides that bound to the negative control protein C5a with a log2E greater
than 0 were excluded from analysis. Peptide enrichment could then be visualised in a tileplot. All analysis
steps were completed by Shoumo Bhattacharya using custom made R scripts. Figure made in Biorender.

Table 6.10 - Demultiplexing regions required for analysis of sequences by NGS

Demultiplexing and constant regions required for NGS sequencing analysis

5’-CTAGCGCT

5’-CGCAGACG

5’-ATGCCTATGCAGCCTCTTCATCTGGC

5'-
GGTGGAGGATCCGGAGGAGGCGCCGAGGGTGACGATCCCGCAAAAGCGGCCTTTAACTCCCTG
CAAGCCTCAGCGACCGAATATATCGGTTATGCGTGGGCGATGGTTGTTGTCAT

6.2.8 Combinatorial Mutagenesis Desigh and Construction

Point mutations were selected as described previously using an algorithm that optimizes CC and
CXnC improving mutations separately“’®. At each peptide position the mutation giving the
highest mean Alog2E and the highest peak Alog2E were identified using a threshold 5 for peak
Alog2E, and a threshold of 0.55 for mean Alog2E, and then selected the top 10 mutations

(arranged by mean Alog2E and peak Alog2E) for CC and top 12 mutations for CXnC chemokines.
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This resulted in a total of 16 mutations. We generated all possible combinations of these
mutations, added the parental and scrambled parental sequence, and reverse translated the
peptides to generate 3777 oligonucleotide sequences using R package reversetranslate_1.0.0,
with ecoli_tbl and model ="gc_biased". Oligonucleotides were synthesized as a pool (Genscript,
12K chip) and cloned into plasmid prSTOP4Nsi as described above. Library quality was assessed
by NGS AmpliconEZ (100,000 reads), and 3418 of 3777 inserts were identified. For the
combinatorial library phage display screen, adjusted counts for input and output libraries were
generated from raw counts by adding 1 to all counts to avoid division by zero, and frequency
determined. Enrichment (E) was calculated as ratio of output to input peptide frequencies and
expressed as log2E. Deltalog2E was calculated as the difference between log2E of peptide and
that of parental EB429. Peptides that showed binding to control (C5A, log2E>0) were excluded

from downstream analysis.

6.2.9 Bulk RNA-sequencing Analysis

Analysis was performed by SB (Figure 6.3)“%®. Raw counts were downloaded from the GEO
database and were converted to transcripts per million (tpm). Tpm was selected over RPKM as
Tpm corrects for gene length, sequencing depth biases, and the proportion of reads that map to
each gene in each sample. Mean tpm was calculated using the number of samples available for
each chemokine in the dataset (Table 6.10). To construct a 10 uM chemokine pool, the
abundance of each chemokine (as measured by the mean tpm) was converted to the relative

amount of each chemokine at 10 uM.
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Figure 6.3 — Overview of RNA-seq analysis. Bulk-RNA sequencing datasets were downloaded from the
GEO database. Raw counts were translated to transcripts per million (tpm). Chemokine abundance was
extracted, and mean tpm was calculated for each chemokine. Relative chemokine molar concentrations
were calculated per dataset. All analysis steps were completed by Shoumo Bhattacharya using custom
made R scripts. Figure made in Biorender.

Table 6.11 - Dataset information for RNA-seq guided chemokine pool construction

GEO Accession Species Description Sample ID
Healthy human GSM7086403
isolated pancreatic GSM7086404
GSE226888 Homo sapiens islets stimulated ex GSM7086405
vivo with cytokines. GSM7086406
N=5. GSM7086407
6.2.10 Human Islet Stimulation

Human islets were cultured in CMRL 1066 medium (99603CV, Corning) supplemented with 1%
foetal calf serum (FCS) and 100 pg/mL penicillin and streptomycin at 5% CO;, and 37 °C. 150/200
islets per condition were stimulated in 2 mL of the supplemented CMRL 1066. Samples were
stimulated with 10 ng/mL of IFN-y, 10 ng/mL of TNF-a, and 2 ng/mL of IL-1, with an unstimulated
matched time point. The time points trialled were 24, 48, 72 and 96 hours. Cytokines were
replenished every 48 hours. Following stimulation, samples were decellularised by centrifugation

twice for 15 minutes at 2500 g. Samples were frozen in 250 pl aliquots at -80 °C.
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6.2.11 Quantibody

Custom Quantibody Human Chemokine Antibody Arrays for the chemokines CXCL1, CXCL2,
CXCL12a, CXCL12B, CXCL14, CXCL16 and CX3CL1 (QAH-CUST, RayBiotech) and Quantibody
Human Cytokine Antibody Arrays (Q2000, RayBiotech) were equilibrated at room temperature for
30 minutes. All buffers and standards were prepared according to the manufacturer’s
instructions, including the cytokine standard dilutions. Arrays were then air-dried for 2 hours and
blocked for 30 minutes in 100 pL of sample diluent buffer on a rocking shaker. Conditioned media
samples for analysis were diluted 1:2 with sample dilution buffer, and 100 yL was added to each
well. Wells were incubated overnight on a rocking shaker at 4 °C. Wells were washed with 150 pL
of 1x wash buffer | for 5 minutes on a rocking shaker, 5 times. Wells were washed twice with 150
pL of 1x wash buffer Il for 5 minutes on a rocking shaker. 80 pL of the biotinylated detection
antibody cocktail was added to each well for 2 hours. Washes were then repeated, 5 times with
150 pL of 1x wash buffer, and then twice with 150 pL of 1x wash buffer I, for 5 minutes each on a
rocking shaker. 80 pL of the Cy3 equivalent dye, conjugated to streptavidin, was added to each
well and incubated for one hour in the dark. Samples were washed 5 times with 150 pL of 1xwash
buffer, for 5 minutes each time on a rocking shaker. The arrays were removed from their gasket,
placed into the slide washing containers, and covered in 1x wash buffer I. The slides were washed
for 15 minutes with gentle shaking, and the process was repeated for 5 minutes with 1x wash
buffer Il. Slides were air-dried and sent to RayBiotech for slide scanning and data extraction.
Cytokine and chemokine quantities were returned in pg/mL to ng/mL based on linear regression

of the standard curves included in the samples.

6.2.12 Human Lymphocyte, Monocyte and Granulocyte Isolation

Buffy coat blood samples were procured from NHS BT. Red blood cells were depleted using 1 mL
of HetaSep (07806, Stemcell Technologies) per 5 mL of buffy coat, and the samples were

incubated for 15-25 minutes at 37 °C. The top layer of the buffy coat was collected, and cells were
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washed in MACS buffer. Following a 10-minute treatment with 1x RBC lysis buffer (170-080-033,
Miltenyi Biotec) to remove the remaining RBCs, cells were centrifuged and resuspended in MACS
buffer. Granulocytes, monocytes, and lymphocytes were then counted based on FSC-H and SSC-
H parameters using the Attune Nxt Flow Cytometer and previously defined gate settings for

granularity and size“%®,

6.2.13 Human CD8"* T-cell Isolation, Activation and Expansion

Leukocyte cones were procured from NHS BT. Peripheral blood mononuclear cells (PBMCs) were
purified by lysing the RBCs twice, with 1x RBC lysis buffer for 10 minutes and spinning at 1400
RPM for a further 10 minutes. PBMCs were strained through a 70 pM filter and resuspended in ~5
mL MACS buffer. 100 x 10° cells/mL were added to 100 pL of both biotin-antibody cocktail and
streptavidin nanobeads (B305145, MojoSort) for 15 minutes, respectively. The cell mixture was
placed in a magnet (480019, MojoSort) for 5 minutes twice, and the cells of interest were poured
out. 1 x 10%/mL isolated CD8" cells were resuspended in ImmunoCult™-XF T Cell Expansion
Medium (10981, Stemcell Technologies), supplemented with 10 ng/uL human IL-2 (200-02-10,
Peprotech), 25 yL/mL anti-CD3/anti-CD28 T-cell activator (10991, Stemcell Technologies) and
1% penicillin-streptomycin for activation. Activation occurred for 10 to 13 days, with cells being
passaged every 2 to 3 days in TexMACS medium (130-097-196, Miltenyi Biotec) supplemented
with 10 ng/pL human IL-2. Following successful labelling for CD8" and CXCRS3, cells were
aliquoted to 20 x 10° cells/mL in TexMACS supplemented with 10% DMSO and stored at —-80°C.

Cells were subsequently moved to vapour phase nitrogen for long- term storage.

6.2.14 Human CD4" T-cell Isolation, Activation and Expansion

Human CD4" cells were isolated as described (Section 2.2.14) with the adjustments described.
CD4" cells were isolated with the CD4" isolation kit (480010, Mojosort). To activate the CD4* T-
cells, ImmunoCult activation was supplemented with 10 ng/pL human IL-12 (200-12H-10,

Peprotech) and 10 ng/uL IL-2. Every 2/3 days, cells were passaged in TexMACS medium
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supplemented with 10 ng/pL human IL-2 and 10 ng/pL human IL-12. Following successful

labelling of CD4" cells, cells were cryopreserved as described.

6.2.15 Cell Surface Labelling

Cells were labelled using a variety of antibodies to identify relevant cell markers and chemokine
receptors. Antibodies used were allophycocyanin (APC) or FITC conjugated. For all samples, a
negative control sample was run using a control APC or a control FITC antibody. 100,000 cells
were centrifuged for 2 minutes at 5000 RPM and resuspended in 100 pL of MACS buffer. 2 pL of
antibody or control APC/FITC antibody was added to the cells and samples were incubated in the
dark for 10 minutes at 4°C. Cells were centrifuged for 2 minutes at 5000 RPM and resuspended in
500 pL of MACS buffer. Relevant fluorescence intensities of the samples were determined by

gating 10,000 cells on the Attune Nxt Flow Cytometer using previously defined gate settings.

6.2.16 Propidium lodide Staining

Propidium iodide (PI) staining was used to determine cellular membrane integrity and cell
viability. 0.1 x 10° cells were incubated with 10 pM of peptide for 2 hours. For each experiment, a
cell-only control was incubated for the same time and boiled to kill the cells. This sample of non-
viable cells can then act as a control for fluorescence intensity gating. Two drops of Pl (R37169,
Invitrogen) was added to each sample. Samples were incubated for 15 minutes at room
temperature. Relevant fluorescence intensities of the samples were determined by gating 10,000

cells on the Attune Nxt Flow Cytometer using previously defined gate settings.

6.2.17 Cell Migration Assays

6.2.17.1 Human CD8* and CD4* T-cells

24 hours prior to use in cell migration assays, CD8" and CD4" cells were recovered in TexMACS at
0.3x10° cells/mL and incubated at 37 °C in 5% CO,. 3-micron transwell plates (3385, Corning)

were used for T-cell assays. 150 pL of HBSS migration media was added to the bottom chamber
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alone, or supplemented with chemokine, with or without peptide. To the top chamber, 100,000
cells per well were added in 50 yL of HBSS migration media. The T-cell assays were incubated for

two hours at 37 °C in 5% CO..

6.2.17.2 Human granulocytes, monocytes, and lymphocytes

3-micron transwell plates were used for granulocyte, monocyte, and lymphocyte assays. To the
bottom well, 150 pL HBSS migration media with peptides and chemokines used for the relevant
experiment was added. In the top chamber, 100,000 monocytes were added to 50 yL of HBSS

migration media. Buffy coat assays were incubated for 2 hours at 37 °C in 5% CO.,.

6.2.17.3 THP-1 cells

THP-1 assays were performed using 5-micron transwell plates (3387, Corning). To the bottom
chamber, 150 pyL of RPMI migration media was added, combined with relevant chemokines and
peptides. 300,000 cells per well were added to the top chamberin 50 pyL of RPMI migration media.

THP-1 migration assays were incubated for 4 hours at 37 °C in 5% CO..

6.2.18 Analysis of Cell Migration Experiments

Following the designated incubation length, the migration plate was shaken for 10 minutes at 850
RPM, and 150 pL of media from the bottom of the cell migration plate was added to a 96-well
round-bottom plate (353910, Falcon) containing 50 pL of the migration media. An attune NxT Flow
Cytometer Plate Reader with Cytkick autosampler (Thermo Fisher) was used to determine cell
counts based on FSC-H and SSC-H parameters. All cell types had previously defined gate
settings"® %%®), Unless otherwise indicated, all experiments include 3 technical and 3 biological

replicates. Individual data points indicate the normalised values of 3 biological replicates.

6.2.18.1 Dose-Response Curves

Dose-response curves were used to determine effective concentrations (EC) of the

chemoattractant. The EC80 or EC50 is the chemokine concentration required to cause 80% or
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50% of the maximal observed migration, respectively. EC values were calculated using GraphPad

Prism, fitting an agonist response curve with 3 parameters.

6.2.18.2 Single-Concentration Inhibition Assays

Single-concentration inhibition assays were used to determine a peptide’s effectiveness in
inhibiting migration of a cell type to a chemokine or chemokine mixture. Chemokines or
chemokine pools at their EC50/80 concentration were mixed with a peptide at a final
concentration of 10 uM. All peptides were tested at a concentration of 10 uM unless otherwise
stated. All peptides contained 0.05% DMSO, which was added to all media to standardise assay
conditions. The chemokine and peptides were pre-incubated together for 30 minutes at 37 °C and
5% CO, before plating. Graphs were plotted using GraphPad Prism. Cell migration was
normalised to 1,000 by taking the mean value of cells migrating to the EC50/80 chemokine

concentration.

6.2.18.3 IC50 curves

IC50 curves were used to determine a peptide’s potency. IC50 curves were performed by pre-
incubating decreasing concentrations of a peptide with an EC80/50 of chemokine for 30 minutes
at 37 °C before plating. Peptide IC50 values were calculated using GraphPad Prism, fitting an

%) The mean

inhibitor dose-response curve with 3 parameters fixing the bottom of the curve to 0¢
IC50 value was then calculated over the three biological replicate experiments. Cell migration
was normalised to 1,000 by taking the mean value of cells migrating to the EC50/80 chemokine

concentration. To allow for comparison of IC50 values, pIC50 was calculated as the negative logio

of IC501%9),

6.2.19 AlphaFold3 Modelling

Chemokine models with either chemokine receptors or peptides were generated using the
AlphaFold3 webserver®®, Chemokine receptor sequences were identified using the IUPHAR

database®®. The output of the webserver was downloaded, and the highest-ranking model was
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visualised using PyMOL version 3.1.4.1. The PyMOL ‘distance’ command was used to determine

areas on chemokines within a 5 angstrom distance from a peptide/chemokine receptor.

Modelling of peptide:chemokine inter-chain interactions was performed by SB. Protein
sequences were converted into JSON files for submission to the AlphaFold3 webserver.
Arpeggio®? was utilised to extract the inter-chain interactions and inter-residue distance of the
highest-ranking model. All modelling was performed in accordance with AlphaFold3’s terms and

conditions!“0® 433,

6.2.20 Statistical Information

Graphs were plotted using GraphPad Prism 10.4.2. Summary statistics were calculated in
GraphPad, and statistical significance was calculated using a one-way ANOVA followed by a two-

sided Dunnett’s test for multiple comparisons®®

). The statistical significance of cell-only values and
EC50/80 values are not shown. The P-value (the probability of a type | error) was adjusted for

multiple comparisons and set at a threshold of P < 0.05. Asterisks indicate the following:

****p <0.0001, ***p <0.001, **p <0.01, *p <0.05.
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7. Chapter Seven - Appendix

7.1 Cytokine Stimulation of Human Islets and Supernatant Testing

Human islets were procured, cultured and stimulated with the chemokines IFN-y, IL-18 and TNF-
a (Figure 7.1). The supernatant of islet batches was tested for its ability to induce CD8" migration
in cell migration assays (Figure 7.2). Supernatant testing was performed to determine whether
the cytokine stimulation was successful. The negative control was the supernatant of
unstimulated time- and donor-matched islets. To confirm that the migration observed by the islet
supernatant was due to chemokine production, the triple warhead evasin protein P1834 was
used in combination with the cytokine-stimulated supernatant. Collating donor samples, testing
with P1834 significantly inhibited CD8" T-cell migration to the 48 hour stimulated islet
supernatant (Figure 7.3). Stimulated samples were sent for analysis using Quantibody multiplex

ELISA arrays.

— / — - — s
o ; Supernatant
Isolated Cultured Cytokine Chemokine Used In Slow
fiman Islets Stimulation Containing Migration Cylomelny
Islets Supernatant Assays Analysis

Figure 7.1 - Pipeline of human islet stimulation. Isolated human islets are procured and cultured. Islets
are stimulated with the cytokines IFN-y, IL-1B and TNF-a, with a time-matched unstimulated control.
Following the time course of stimulation, islet samples are centrifuged to isolate the chemokine-
containing supernatant. The chemokine-containing supernatant is then used in cell migration assays with
CD8" T-cells, and the experimental output is analysed using flow cytometry. Figure made in Biorender.
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Figure 7.2 - Effect of cytokine-stimulated islet supernatant on CD8" T-cell migration.Bar charts with standard
deviation error bars depicting the effect of islet supernatant to induce CD8" T-cell migration. All experiments were
performed as technical replicates. The Y-axis shows CD8" cell migration. The X-axis shows experimental
constituents. P1834 was tested at a final concentration of 10 pM.
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Figure 7.3 - Collated effect of cytokine-stimulated islet supernatant on CD8* T-cell migration. Bar charts
with standard deviation error bars depicting the effect of islet supernatant to induce CD8* T-cell migration. The
experiment was performed as three technical replicates and three biological replicates. Individual data points
indicate mean values of technical replicates per experiment. Cell migration values were normalised to the mean
value of migrated cell counts to the 48 hour stimulated islets and set to 1000 cells, as indicated on the Y-axis. The
X-axis shows experimental constituents. P1834 was tested at a final concentration of 10 pM. The statistical
significance was calculated compared to the cell migration of 48 hour stimulated islets using a one-way ANOVA
and a Dunnett’s test for multiple comparisons. Asterisks indicate the following: ****p <0.0001, ***p < 0.001,
**p <0.01, *p <0.05.
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