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Abstract

Dual agonists acting at both the glucagon-like peptide-1 receptor (GLP-1R) and
glucagon receptor (GCGR) are a novel recent class of drugs which have been shown
to simultaneously correct hyperglycaemia and cause sustained weight loss, making
them a major drug class to treat the obese diabetic patient population. It is known that
selectively activating certain intracellular pathways associated with a particular G
protein-coupled receptor (GPCR), termed biased agonism, can simultaneously
increase therapeutic efficacy and reduce associated side effects which can limit
dosage of GPCR-targeting drugs. This approach has not been investigated in dual
GLP-1R/GCGR agonists, yet it could improve the therapeutic efficacy of this drug

class.

A GLP-1R/GCGR agonist peptide, “SRB103GIn3”, was discovered that displays
significant reductions in B-arrestin recruitment at both receptors versus a comparator,
“SRB103His3”, with both peptides maintaining full ;cAMP signalling. In hepatoma cells,
SRB103GIn3 displayed more prolonged signalling than SRB103His3 after overnight
stimulation, suggesting SRB103GIn3 could prolong signalling at the GCGR by

reducing B-arrestin-mediated receptor desensitisation.

In lean and obese mice, SRB103GIn3 displayed greater anti-hyperglycaemic effects
at prolonged timepoints compared to SRB103His3 with little reduction in acute food
intake. Studies using Gcgr-~ mice were performed in an attempt to identify the
contribution of GCGR to the observed effects. When administered chronically,
SRB103GIn3 maintains its optimal anti-hyperglycaemic effects compared to
SRB103His3, and both dual agonists displayed a trajectory suggesting greater weight
loss compared to the GLP-1R mono-agonist liraglutide. In rats, SRB103GIn3 had

profound effects on reducing food intake and weight loss compared to SRB103His3.
These findings highlight the benefit of selectively reducing B-arrestin recruitment

associated with dual GLP-1R/GCGR agonist signalling, and could improve the

therapeutic utility of this class of compounds.
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KCNJ11
KOR
LgBit
LKB-1
M2R
MCP-1
MOR
MRI
NAFLD
NEFA
NEP-24.11
NF-kB
NIPHS
NMR
NNT
NZO
OGTT
OLETF
OXM
PC
PCA
PCR
PEG
PEPCK
Phe
PI3K
PK
PKA
PKB
PKC
PPARy

Ppg
PTX
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intraperitoneal

intervening peptide-1

intraperitoneal glucose tolerance test

insulin receptor

insulin receptor substrate-1

insulin tolerance test

intravenous

intravenous glucose tolerance test

Janus kinase-signal transducer and activator of transcription
Janus kinase

ATP-activated protein channel

potassium inwardly-rectifying channel subfamily J member 11
kappa opioid receptor

large-subunit

liver kinase B1

M2 muscarinic receptor

monocyte chemotactic protein-1

mu opioid receptor

magnetic resonance imaging

non-alcoholic fatty liver disease

non-esterified fatty acid

neutral endopeptidase 24.11

nuclear factor kappa-light-chain enhancer of activated beta cells
non-insulinoma pancreatogenic hypoglycaemia syndrome
nuclear magnetic resonance

nicotinamide nucleotide transhydogenase

New Zealand Obese

oral glucose tolerance test

Otsuka Long-Evans Tokushima Fat
oxyntomodulin

protein convertase

protein complementation assay

polymerase chain reaction

polyethylene glycol

phosphoenolpyruvate carboxykinase
phenylalanine

phosphatidylinositol 3’-kinase

pharmacokinetics

protein kinase A

protein kinase B

protein kinase C

peroxisome proliferator-activated receptor gamma
preproglucagon

pertussis toxin
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PYY
gPCR
RAMP2
RBP4
RIA
RPMI
ROS
RYGB
s.C.
SEM
Ser
SFM
SGLT2
shRNA
siRNA
SLC30A8
SmBit
T2DM
TALEN
TCF7L2
™
TNF-a
TORC2
TR-FRET
Tyr
TZD
V2R
VSG
WAT
WEFI
WHO
WT
ZDF

ZF
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peptide YY

guantitative polymerase chain reaction
receptor activity modifying protein 2
retinol binding protein 4

radioimmune assay

Rosa Park Memorial Institute

reactive oxygen species

Roux-en-Y gastric bypass
subcutaneous

standard error of the mean

serine

serum-free media

sodium-glucose co-transporter 2

short hairpin ribonucleic acid

small interfering ribonucleic acid
solute carrier family 30 member 8
small-subunit

type 2 diabetes mellitus

transcription activation-like effector nuclease
transcription factor 7-like 2
transmembrane

tissue necrosis factor alpha
transducer of regulated CREB protein-2
time-resolved Forster resonance energy transfer
tyrosine

thiazolidinedione

V2 vasopressin receptor

vertical sleeve gastrectomy

white adipose tissue

water for injection

World Health Organisation

wild type

Zucker Diabetic Fatty

Zucker Fatty
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1 Introduction
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1.1 Type 2 diabetes mellitus

Diabetes mellitus, usually shortened to diabetes, is a metabolic disease caused by
chronic hyperglycaemia, stemming from the body’s inability to adequately control
fluctuations in circulating glucose. The clinical definition of diabetes is fasting blood
glucose of 27mm/kg, and glycated haemoglobin (HbA1c) of 26.5%. This is the result
of two main facets. Type 1 is an autoimmune disease, where the body’s immune
system attacks and destroys the insulin-producing 3 cells of the pancreas. The second
form, type 2, results from reduced insulin sensitivity, meaning that the endogenous
insulin is not able to reduce circulating glucose levels and consequently leading to 3
cell death. It is estimated that there were 463 million people worldwide with diabetes
in 2019, of which 90% of these had type 2 diabetes mellitus (T2DM)s. Treating type 2
typically involves boosting endogenous insulin production and secretion and improving

the body’s ability to utilise insulin.

T2DM is one of the top ten causes of early mortalitys, but is considered to be one of
the most preventable. By 2045, projections forecast around 600-700 million people
will have T2DMr and in 2019, T2DM was attributed to an estimated 2.2 million deaths,
affecting both developed and developing countires7,s. Secondary to the mortality
associated with T2DM, is the vast cost associated with treating T2DM. The global
health expenditure to treat diabetes could rise steeply to $2.5 trillion by 20309, and this
is expected to grow exponentially unless safe, efficacious and affordable therapies to

treat T2DM are developed.

' 1.1 Physioloaical al ol
Glucose is tightly regulated in healthy humans despite large fluctuations in glucose
requirements and circulatory loads (i.e. during exercise and after meals). This process
involves complex coordination between multiple organs including the pancreas, brain,
liver, adipose tissue, kidney and intestine. The pancreas, specifically the islets of
Langerhans, is the key tissue involved in glucose homeostasis. The islets are highly
vascularised, allowing for rapid detection of fluctuating blood glucose concentrationso.
Insulin, secreted from the B cells in the islet, is responsible for reducing circulating

glucose levels. Insulin reduces glycaemia by increasing transcription rates of glucose

Philip Pickford 16



Biased Signalling of Dual GLP-1R/GCGR Agonists

transporter-4 (GLUT4) to increase intracellular glucose flux, increasing expression of
enzymes responsible for glycogenesis (the formation of glycogen from glucose).
Insulin also reduces expression of enzymes responsible for glycogenolysis (the
breakdown of glycogen to glucose) and gluconeogenesis (de novo synthesis of
glucose from non-carbohydrate sources such as amino acids)11. Conversely glucagon,
which is secreted by the a cell in the islet in response to hypoglycaemia, increases
expression of enzymes involved in both gluconeogenesis and glycogenolysis, as well
as inhibition of glycolysis (the metabolic breakdown of glucose), thereby increasing

glycaemia through accelerated hepatic glucose outputo.

The theory of bi-hormonal glucose homeostasis, whereby glucagon and insulin work
in opposing manners to maintain euglycaemia was first proposed in 1971 by Roger
Unger and remains a reasonable description of glucose regulation. Interestingly, the
receptors of both hormones, the insulin receptor (IR) and glucagon receptor (GCGR),
are present on both the a cell and B cell. This suggests feedback mechanisms
between the two hormones allow for paracrine control of secretion of each

hormone12,13.

Insulin secretion occurs through detection of high glucose levels, in a process called
glucose-stimulated insulin secretion (GSIS) (Figure 1.1). However the model of GSIS
is too simplistic, as the pancreatic B cell secretes insulin in response to
parasympathetic innervation14, amino acid sensing1s and insulinotropic hormones
secreted post-prandiallyis. These post-prandial hormones, called incretins, are
secreted from the gastro-intestinal (Gl) tract. An important function of the incretins is
to relay information between the gut and pancreas, which was demonstrated when
oral glucose loads resulted in significantly greater insulin secretion compared to the
equivalent intravenous (i.v.) dose17. This so-called “incretin effect” is predicted to
account for approximately 70% of post-prandial insulin secretion17,18, emphasising the
importance of factors outside of GSIS in provoking insulin secretion. The two
prominent incretins involved in the “incretin effect” are glucagon-like peptide-1 (GLP-
1) and glucose-dependant insulinotropic peptide (GIP). These two incretins are
secreted from the intestinal L- and K-cells and activate their cognate receptors the
GLP-1 receptor (GLP-1R) and GIP receptor (GIPR), which are present on the 3 cell1s.

The relative importance between GLP-1R or GIPR stimulation to augment insulin
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release physiologically has now been better defined. The development of transgenic
mice and antagonists to the receptors has led to the conclusion that GLP-1 reduces
gastric emptying rates and is a more potent inhibitor of glucagon secretion2o, whilst
GIP is the more powerful post-prandial insulinotropic incretin21-23. Interestingly, in
cases of T2DM, GLP-1 function is still maintained, whereas that of GIP is completely
lost20,21. Similarly, glucose is a key stimulant of GLP-1 secretion whereas dietary fat
and protein are the more potent stimulators of GIP secretion, further suggesting

divergent physiological roles24-27.

Reducing
AWt equivalents

Figure 1.1-Schematic of glucose-stimulated insulin secretion from the pancreatic beta cell

Glucose enters the B cell through GLUT4 and is converted to pyruvate (Pyr) by glucokinase (GK). Pyruvate
enters the mitochondrial tricarboxylic acid (TCA) cycle to produce adenosine triphosphate (ATP). Elevated
ATP levels result in closure of the Katp channels, depolarising the membrane which opens Cav channels.
This subsequent influx of Ca2+triggers insulin secretion from the B cell. Figure adapted from Brownlee,
20034.

As mentioned, T2DM is associated with chronic hyperglycaemia, resulting from a
failure of insulin to signal to insulin sensitive tissue to store circulating glucose. In
understanding type 2 diabetes, it is important to discuss the two main facets of its

pathophysiology: Impaired insulin sensitivity and impaired insulin secretion.
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121 Impaired insul

Firstly, T2DM is typically associated with a reduction in insulin sensitivity. Insulin
resistance is defined as the inability for insulin to signal through its receptor, resulting
in impaired insulin-mediated glucose uptake into insulin-sensitive cells (e.g. adipose
tissue and skeletal muscle). There is also impaired inhibition of glucagon secretion
post-prandially, which has been suggested to contribute to hyperglycaemia through
excessive hepatic glucose production. This results in prolonged hyperglycaemia, of

which the consequences have been briefly discussed.

The pathophysiology of insulin resistance is not completely known; however, a number
of theories and mechanisms have been hypothesised. There is a close association
between increased adiposity and an increasing prevalence of insulin resistancezs,
which is discussed in in section 1.2. Obese individuals can present with high circulating
concentrations of free fatty acids (FFAs), which can be toxic to the B cell in chronic
doses, induce an excessive inflammatory response29,30 and increase oxidative stress
in insulin-sensitive tissuess1, resulting in insulin resistance. Conversely, FFAs are a
stimulator of insulin secretion (FFA receptors are functionally expressed on the 3 cell),
therefore elevated circulating FFAs plays both positive and negative roles in T2DM
pathogenesiss2. Indeed, obese rodents treated with antioxidants display improved
insulin sensitivityss and reduction of plasma fatty acids is extensively linked in multiple
species to improved insulin sensitivityss-3s, thus linking obesity, oxidative stress and

insulin resistance.

Inflammatory mediators, such as tissue necrosis factor a (TNF-a), monocyte
chemotactic protein-1 (MCP-1) and interleukins (IL) are upregulated in cases of insulin
resistances73s. These factors can directly affect IR signalling by increasing
phosphorylation rates of insulin receptor substrate-1 (IRS-1)39. IRS-1 acts as an
adaptor protein in insulin-sensitive cells, transducing the signal from the activated IR
to other intracellular pathways. Therefore, if IRS-1 function is altered, the ability of
insulin to signal is compromised. Interleukins such as IL-6 have the capacity to
degrade IRS-140 and activate key inflammatory pathways, such as the inhibitor of
nuclear factor kappa B/nuclear factor kappa-light-chain-enhancer of activated B cells

(IKKB/NF-kB) and Janus N-terminal kinase (JNK) pathways impair physiological IRS-
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1 phosphorylations1. This provides another mechanism linking inflammation to insulin
resistance. TNF-a has also been shown to reduce GLUT4 expression, thus reducing

the influx of glucose into insulin-sensitive cellss2.

Mitochondrial dysfunction from nutrient overload can cause oxidative stressasas
resulting in an overload of free radicals in insulin-sensitive tissues such as adipose
tissue and skeletal muscle. As glucose and free fatty acid levels rise in pre-diabetes
from over-consumption, the production of reactive oxygen species (ROS) increases in
the mitochondrial TCA cycle beyond the capabilities of intracellular antioxidant
controlss-47. Indeed, while ROS are important signalling molecules in IR signalling4s,49,
excessive ROS production leads to cellular oxidative stress which culminates in an
inability to respond to insulin. Diabetic mice display an increase in biomarkers for
oxidative stress in the adipose tissue, and treatment of wild-type adipocytes ex vivo
with glycated albumin (which is enhanced in diabetes) resulted in the production of
free radicalsso. Conversely, insulin resistant mice treated with antioxidants display an
improvement in insulin sensitivity further implicating oxidative stress as a key regulator
in insulin resistancess. This implies that supra-physiological levels of ROS production
do indeed contribute to insulin resistance, and could be an interesting proposition as

a therapeutic target for pre-diabetic insulin resistance.

129 Impaired insul ,

T2DM is also manifested by a loss of 8 cell mass and function alongside the lack of
insulin sensitivity. Indeed, T2DM patients present with increased 3 cell apoptosis as
well as reduced B cell masss1-53. Whilst obesity is associated with T2DM, most obese
individuals are able to secrete sufficient insulin levels to nullify excessive glucose
loads, hence not all obese people are diabetic. Studies evaluating B cell mass show
that obese, non-diabetic humans have a relative increase in B cell mass (to
compensate for excessive circulating nutrient loads), however obese and non-obese
diabetic patients display a 40-60% reduction in B cell masss1,52. This suggests that 3

cell mass is reduced as hyperglycaemia progresses towards T2DM.

One of the most discussed mechanisms of 8 cell failure in T2DM is glucolipotoxicity.

Here, chronic exposure to high circulating FFA (lipotoxicity) and glucose (glucotoxicity)
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work synergistically to cause B cell death, resulting in a vicious circle whereby high
circulating nutrient levels impair insulin secretion, which increases nutrient circulating
levels and so onsa,55. Whilst acute exposure to FFA produces a small insulin secretory
responsesz,se, chronic exposure conversely inhibits secretionszss. Links between FFA
levels and 3 cell death is debated, as it is difficult to confirm the FFA levels at the 3
cell interface and FFA infusion studies can use supraphysiological FFA
concentrationsse. However, studies have shown that FFAs inhibit insulin gene
expression ex vivo, which precedes abnormalities in secretion patterns in ratseo.
Glucotoxicity is well regarded for causing B cell mass loss, where in rodent and human
with T2DM, studies have shown close temporal correlations between loss of GSIS and
increasing glycaemias1-64. Mechanisms underlying how glucolipotoxicity induces [ cell
dysfunction and death include oxidative stress from excessive ROS generation in the
B cellss, disruption of physiological gene transcriptionss and increased rates of

apoptosise7,es.

Chronic exposure to hyperglycaemia itself also alters B cell development and
differentiation rates, associated with gene expression changes termed
“dedifferentiation”, affecting physiological B cell metabolic pathwayses-71. Interestingly,
in studies investigating dedifferentiation in rats, FFA levels remained the same whilst
hyperglycaemia ensued, insinuating dedifferentiation was attributable only to

hyperglycaemia and not to any lipotoxic effectses.

Genome wide association studies (GWAS) have provided a powerful tool in
highlighting genetic mutations which can pertain towards the development of T2DM.
Some of these mutations are associated with genes involved in insulin secretion, such
as KCNJ11 (potassium inwardly-rectifying channel subfamily J member 11)72,73,
TCF7L2 (transcription factor 7-like 2)7475 and SLC30A8 (solute carrier family 30
member 8)74,76 amongst others7z. These GWAS findings further suggest that
impairments in insulin secretion do occur before the disease sets in, and 3 cell defects
are present prior to the onset of T2DM, suggesting impaired insulin secretion is part

of T2DM pathogenesis.
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1.2 “Diabesity”

Obesity is a global healthcare crisis. The latest available World Health Organisation
(WHO) statistics estimate that 650 million adults worldwide are obese (Body mass
index (BMI) = 30kg/mz2), whilst another 1.3 billion are clinically overweight (BMI =
25kg/mz2)7s. The estimated number of people with obesity has tripled since 1975 and
if current trends continue, by 2030, 58% of adults globally will be obese or

overweightro.

The aetiology of obesity is quite simple to describe. It is the consequence of surplus
caloric intake versus caloric expenditure culminating in excessive adipose tissue
accumulation. The accepted reason for rapid increases in obesity rates are linked to
the modern lifestyle, which includes an increase in readily available energy rich fast-
food, increased use of public transport, sedentary work forms and urbanisation tipping
the balance toward excessive energy intakeso. As globalisation expands the horizon
of cheap, fast food and increased automation to developing countries, obesity is
considered a health crisis in both developed and developing countriessi-ss. The
economic cost of treating obesity are vast, costing the NHS at least £6.1 billion in
2015, and is estimated to rise to nearly £10 billion by 2050s4. Since 1975, WHO have
emphasised that the cost of managing obesity and its related disorders has sharply
risen. ltis therefore of vital importance that obesity is successfully combated to prevent

a future medical crisis and economic ruin of healthcare systems.

2.1 Obesi T ated di

Obesity is linked to the onset of numerous fatal comorbidities. According to WHO,
cardiovascular disease, including myocardial infarction and stroke accounted for 31%
of global deaths in 2016, is greatly associated with an unhealthy lifestyle including diet
and obesityss. Obesity has also been linked to several forms of cancer, which is the
second leading cause of global fatalities. A pooled meta-analyses of European cancer
cases suggests approximately one in three patients with cancer were obese, with a
strong linearity between BMI increase and risk of developing cancerss. It is also
acknowledged that losing weight is associated with a decreased diagnosis of

cancers7,8s. The mechanisms leading to both of these diseases are not fully
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understood, but it is known that obesity can result in an increase in circulating
inflammatory markers, increased circulating lipids and alterations in circulating sex
hormone concentrationsse,go. The culmination of these events is detrimental to the
physiology of most organs; therefore, the consequences of obesity clearly extends

beyond an expanding waistline.

' 2 9 Opesi ! > diat "

Obesity is most readily associated with the onset of T2DM with 90% of adults suffering
from T2DM estimated to be overweight or obeses. This strong relationship between
obesity and diabetes has resulted in the phrase “diabesity” to be developed, describing
the obese diabetic patient population. However, not all obese individuals develop
T2DM suggesting that the pathophysiological links extend beyond increased adiposity.
A number of hypotheses exist linking obesity to T2DM.

The “lipid overflow hypothesis” postulates that the oversaturation of circulating lipids
for storage results in lipids being deposited in insulin-sensitive tissues that do not
normally accommodate large lipid storese1. Here, increasing lipid concentrations in
non-adipose tissue results in increased lipotoxicity due to dysfunctional lipid oxidation,
which has been shown to interact with and disturb physiological insulin signalling in
these tissues9g2. This model is supported by rodent models of lipodystrophy which are
lean, but suffer from the same metabolic profiles of obesity-induced diabetesgs,94. Not
only can the lipotoxicity affect insulin-sensitive tissues, but also the insulin-producing
pancreatic 3 cell. Certain rodent models of obesity, such as the New Zealand Obese
(NZO) mouse, develop insulin resistance leading to type 2 diabetes, characterised by
hypertrophy and eventual death of the (3 cells. Interestingly, NZO mice fed on a low
carbohydrate, high fat diet develop obesity and insulin resistance but not B cell
failuress, whereas NZO mice fed high fat, high carbohydrate diets quickly develop
cell failure, suggesting oversaturation of both carbohydrates and fat is required for 8
cell failure with the lipid overflow hypothesisss. Interestingly, T2DM patients who follow
a low-carbohydrate diet show better improvements in glucose control, compared to
isocaloric standard diets or low-fat isocaloric dietse7,98. However, compliance and long-
term safety with drastic diet change is still unknown and therefore requires the

guidance of healthcare professionals
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Secondly, the “adipokine hypothesis” suggests adipocytes acting as a secretory tissue
for many endocrine and inflammatory markers (called adipokines) can themselves be
detrimental to insulin-sensitive tissues. The expansion of the adipose tissue in obesity
increases the circulating levels of adipokines which causes further damage to insulin-
sensitive and -producing tissues. Adipokines which improve insulin secretion and
sensitivity, such as adiponectin and adipolin, are reduced in obese individuals and
contributes to the worsening of insulin sensitivity resulting in T2DMog,100. Other
adipokines such as retinol binding protein 4 (RBP4), an adipokine which inhibits insulin
signalling in skeletal muscles, and resistin and visfatin, which have proinflammatory
properties, are upregulated adipokines in obese individuals, progressing insulin
resistance101. Leptin, an adipocyte-derived factor which induces satiety, is an
adipokine which regulates energy homeostasis by decreasing food intake and
increasing energy expenditure1o2. Physiologically, it is prevalent at levels proportional
to adipose tissue mass, suggesting an important role in regulating adipose tissue
mass103. Leptin has also been shown to have direct and indirect actions on glucose
homeostasis and insulin sensitivity through activation of the Janus kinase-signal
transducer and activator of transcription (JAK-STAT), extracellular signal-regulated
kinase 1/2 (ERK1/2) and adenosine monophosphate-activated protein kinase (AMPK)
pathways1o4-106. In obese individuals, leptin is secreted from adipose tissue at vast
quantities, and exogenous administration of leptin does not improve symptoms in most
cases of obesity, suggesting leptin resistance is prevalent in most obese
individuals1o07,108. Non-esterified fatty acids (NEFAs), also secreted by adipocytes, play
a role in physiological insulin secretion109,110, however when secreted in great
quantities in obese people, NEFA overexposure has been linked to both progression

of insulin resistance and 3 cell loss111.

The “inflammation hypothesis” is linked to the adipokine hypothesis. This postulates
that chronic inflammation produced by the altered secretion of overloaded adipocytes
leads to damaging of insulin-sensitive tissues and insulin-secreting 3 cell. Excessive
adipose accumulation leads to an increased circulating level of macrophages derived
from adipocytesi12,113, and the levels of adipose tissue macrophages correlates with
adipose insulin resistance114,115. These macrophages act as “cytokine reservoirs” for
cytokines such as interleukin-1 (IL-1), IL-6 and TNF-a amongst others, which have

been shown to affect B cell function, glucose disposal and adipose capabilities which
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ultimate reduces insulin sensitivity116-118. Therefore, as the level of adiposity increases,
so does the level of activated macrophages which ultimately leads to degeneration of

physiological glucose management.

1.3 Treatment options for T2DM

1.3.1 Pharmacological

The link between obesity and risk of T2DM is very strong. Increasing BMI is associated
with a higher risk of developing T2DM119-122, while it is estimated that approximately
50-60% of T2DM cases could have been prevented if the BMI was in a normal range
(<25kg/mz2)123-127. Alongside the fact that 90% of T2DM patients are obese or
overweightizs, it is logical that treatments for T2DM should also aim to tackle weight
loss. Weight loss management through diet and exercise have been shown to
significantly improve insulin sensitivity129-132 and reduce T2DM diagnoses133-135, even
if the weight loss is moderate1ss. However, these prospective studies have not
considered that weight loss due to lifestyle changes in obese individuals is usually
transient due to the myriad of metabolic and physiological adaptations137-139.
Therefore, therapeutic intervention is, in most cases, the only option to induce

sustained weight loss and improve T2DM.

1.3.1.1  Insulin analogue therapy

T2DM is manifested with an inability to secrete insulin to counteract the raised
glycaemia. To overcome this, exogenous insulin can be administered, with
recombinant or synthetic analogues of insulin replacing purified porcine insulin. Insulin
analogues are either fast-acting such as lispro, aspart or glulisine or long-acting such
as detemir, degludec and glargine. Fast acting analogues are injected directly after a
meal to provide protection agonists post-prandial hyperglycaemia while long acting
analogues provide steady, day-long baseline levels of insulin to maintain euglycaemia

following a once-daily injection14o.

Short-term insulin therapy may work best to preserve 3 cell integrity, as shown in

recent human studies141,142. In newly diagnosed T2DM individuals, long-term insulin
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therapy results in improved 8 cell function and long-term glycaemic control, more so
than diet and lifestyle changes alone143-145. However, insulin is synonymous with
weight gain due to its orexigenic properties and its anabolic effects at adipose
tissues146. Weight gain is particularly undesirable in T2DM patients with the close
association with obesity. Insulin therapy also presents a large risk of hypoglycaemia,
when the insulin level outweighs that of carbohydrate intake. Finally, insulin glargine
has been linked to an increased risk of cancer, hypothetically due to its affinity to the
insulin-like growth factor | receptor (IGF-1R)147. Therefore, insulin therapy cannot be

considered the “silver bullet” of T2DM treatments alone14s,149.

1.3.1.2  Metformin

Metformin is on the WHOs Essential Medicines list and is one of the most prescribed
drugs globally as a first line treatment for T2DM. It primarily acts by reducing hepatic
glucose output by activating liver kinase B1 (LKB-1) which, through regulation of
AMPK and transducer of regulated CREB protein 2 (TORC2), reduces transcription of
gluconeogenic enzymesiso. This mechanism of action also increases peripheral
glucose uptake, thus metformin improves insulin sensitivity1s1. In addition to this,
metformin displays beneficial cardiovascular and metabolic effects, making it the first
line treatment for T2DM.

In longitudinal studies, metformin treatment alone was shown to reduce fasting
glucose levels and HbA1c levels in T2DM patients who are both standard weight BMI
< 25kg/m2)1s2-154, overweight (BMI 25 — 30kg/m2)1ss-158 and obese (BMI >
30kg/mz2)152,159-161. However, the efficacy of metformin can reduce after prolonged
treatment, therefore it can be combined with a second anti-diabetes medication (such
as the ones listed below). Metformin has been shown to improve T2DM symptoms as
a combination therapy with insulin therapy1s2, sulphonylureasiss,i63-165, SGLT2
inhibitors1es-168, meglitanides1s7,169,1770 and thiazolidinediones171 compared to either
therapy alone, with the same or fewer recorded side effects. Metformin has also been
shown to produce a small weight loss over extended treatment periods172-175, however
this is likely a secondary affect to decreased appetite and side effects. A further benefit
of metformin is it also improves fatty liver index scores by reducing circulating lipid

levels and improving fatty liver17e.
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1.3.1.3  Other diabetes pharmacotherapies

Unlike metformin which reduces hepatic glucose output, sulphonylureas and
meglitinides act on the 3 cell Katp channel to increase the resting membrane potential
to augment insulin secretion177,17s. Therefore, both of these therapies act to increase
insulin secretion and are used as an adjuvant to T2DM treatment. Whilst both of these
drug classes are sufficient at correcting the hyperglycaemia associated with T2DM,
treatment with either can result in weight gain making them undesirable for treatment
of the 90% of T2DM patients who are obese179,180. A further complication for the
classes of drugs is, enhanced insulin secretion can result in life-threatening
hypoglycaemia1s1. This is less of a problem with meglitinides as they have a shorter
duration of action1s2. Sulphonylureas have also been linked to a low but noticeable
rate of cardiovascular problems1ss. For this reason, they are considered as a “second-
line” treatment to use when insulin treatment fails, and can be used in combination

with other drugs such as metformin1sa.

Thiazolidinediones (TZDs) are another class of drugs used to improve insulin
sensitivity. TZDs activate peroxisome proliferator-activated receptor y (PPARYy), a
nuclear receptor which alters transcription of genes in adipose, skeletal muscle and
the liver associated with glucose and lipid metabolism and homeostasis1ss. TZD show
promise in the clinic to improve glycaemic control, and have been shown to be as good
or better than metforminie2,186-189 and sulphonylureass4,190-192. However, due to the
activation of a non-diabetes-specific pathway by TZDs, they are associated with
serious potential side effects including increased cardiac risk, oedema and increased
bone fracturing193-195. Indeed, only two TZDs are used in clinic today due to the
excessive side effects; pioglitazone and rosiglitazone. In addition to the poor side
effect profile, TZDs cause weight gain1i9s, which makes them unsuitable for many

T2DM patients who are obese.

A more recent advance in T2DM therapy is the development of the SGLT2 inhibitors.
SGLT2 is found in the renal nephrons, and causes reabsorption of glucose back into
the circulation from the renal lumen197. SGLT2 inhibitors, also known as gliflozins,
inhibit the reabsorption which culminates in the glucose being excreted in the urine.

Unlike sulphonylureas and meglitinides, SGLT2 inhibitors do not stimulate insulin
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secretion, therefore there is a considerably lower risk of hyperglycaemiaigs. As well as
inhibiting glucose reabsorption, they also inhibit sodium reabsorption, causing a
reduction in blood pressure199,200. As these are not insulin secretagogues, there is no
weight gain observed in SGLT2 inhibitor therapy, small weight loss of 2-4kg observed
in longitudinal human studies2o01,202. Combination of SGLT2 inhibitors and metformin
are therefore and interesting combination therapy, and does show clinical promise,

however it is associated with an increased risk of diabetic ketoacidosis2os.

In summary, there are exciting and efficacious pharmacotherapies available which can
improve glycaemic control associated with T2DM. However, these therapies are only
sufficient at treating the result of T2DM and have minimal effects on reversing the
cause of T2DM. In addition, they are generally poor when administered as a
monotherapy and associated with side effects when administered in combination.
Additionally, they are at best poor at inducing weight loss, and in some cases facilitate
weight gain. Therefore, there is still a need for efficacious treatments which correct

glycaemic control in conjunction with causing meaningful and sustained weight loss.

| 3.9 Bariatri
The efficacy of weight loss alone on T2DM remission is remarkable133-135, however the
prevalence of a long, sustained weight loss by means of lifestyle alterations is low in
obese individuals. Bariatric surgery is widely regarded as the most successful
treatment for reducing obesity and improving concomitant T2DM. Here, the stomach
pouch is reduced in size, which can be performed alongside intestinal bypass. It leads
to a substantial and sustained weight loss alongside a near total remission of
diabetes204,205. Despite its usefulness in remitting obesity and T2DM, bariatric surgery
comes with noticeable mortality risks due to its invasive naturezos, requires extensive
effort in pre- and post-operative care on behalf of the patient and healthcare worker,
they are an expensive therapeutic option. Therefore, surgery is usually only
designated for morbidly obese individuals, or obese individuals with underlying

obesity-related illnesses2o7.
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304 P ol mechanisms leadi TODM remissi

Remission in diabetes in bypass patients is quick, preceding that of extensive weight
loss20s-211. Therefore, in the case of bariatric surgery, some of the mechanisms which
improve anti-hyperglycaemia are believed to be separate from that of just losing
weight212. There have been a number of theories which have been suggested to
explain the success of bariatric surgery. These include malabsorption of
macronutrients such as fats and carbohydrates which decreases stress on the
cell213, reduced “anti-incretin” secretion from the proximal intestine after bypass
resulting in increased incretin secretion214, increased bile acid and fibroblast growth
factor-19 (FGF-19) levels which improve glucose and lipid homeostasis21s,216 and

changes in the microbiome leading to improve glucose homeostasis217.

However, the best regarded explanation is the change in incretin levels withessed
post-bariatric surgery. Incretins are secreted post-prandially from the gut, producing a
myriad of peripheral and centrally-mediated effect which produce satiety, increased
insulin secretion and improved insulin tolerance21s-221. The incretin effect has also
been suggested to promote weight loss through satiety and increased energy
expenditure21s,222, therefore it provides a multifaceted approach to combatting
diabetes. They provide a link between the gut and the pancreas, allowing for rapid and
efficient processing of excess glucose from the meal into tissue which can store the
excess glucose. Key incretins which are observed as being elevated immediately after
bariatric surgery are GLP-1, GIP, peptide YY (PYY) and oxyntomodulin (OXM). T2DM
patients regularly present with an ablated incretin response post-prandially, which may
contribute to the diabetic phenotype223-225, suggesting that utilising and restoring the
incretin response in T2DM patients is a robust method of treating T2DM. Intestinal
bypass surgery techniques, such as Roux-en-Y gastric bypass (RYGB) are associated
with improved diabetic outcomes compared to other gastro-restrictive procedures
such as vertical sleeve gastrectomy (VSG), and RYGB results in greater secretion of
GLP-1 and PYY226. Co-infusion of GLP-1, GIP, OXM and PYY in various combinations
has been shown to improve glycaemia, reduce food intake and decrease bodyweight
in manz1s,219,227,228. Interestingly, continuous GIP infusion alone has been shown to
produce a worsening of glycaemia in T2DM patients (potentially due to glucagon

secretion)229 which, in combination to its lack of glucoregulatory efficacy in T2DM
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patients20,21, suggests its therapeutic potential for T2DM may be more limited than that
of GLP-1. However, research is now shifting toward developing compounds which can

mimic the incredible weight loss and glucoregulatory effects mediated after bariatric

surgery.

1.4 Incretin hormones

Understanding of the “incretin effect”, observations of the reduction of incretin effect
in T2DM patients17,21 and improvement in post-bariatric surgery glycaemia contributed
to by improved incretin responses has guided research toward generating
pharmacotherapies which target the incretin response in T2DM patients. Theoretically,
a drug which mimics the metabolic reprogramming that occurs after bariatric surgery
could result in robust weight reduction and correction of hyperglycaemia and may even

regenerate B cell mass.

1.4.1 GLP-1

1.4.1.1  GLP-1 physiology

GLP-1 is secreted post-prandially from L cells found predominantly in the ileum and
colon of the Gl tract2zo. GLP-1 is synthesised from preproglucagon (Ppg), a gene
which is expressed in a number of tissues including the pancreatic a cell, L cells of the
intestine and some neuronal populations in the hypothalamus231,232. Further
processing by prohormone convertase 1/3 (PC1/3) in the L cell converts the
prohormone into the 37 amino acid peptide GLP-1(1-37), and then further into GLP-
1(7-37) and GLP-1(7-36NH2) which is the primary active circulating form of GLP-
1233,234. GLP-1(7-36NH2) is rapidly cleaved in the circulation by dipeptidyl-peptidase-
IV (DPP-IV) between the second and third amino acids, generating GLP-1(9-36NH2),
which is usually considered an inactive form of GLP-1 (although studies have
suggested a biological role of GLP-1(9-36NH2)235,236). GLP-1 is also cleaved by neutral
endopeptidase 24.11 (NEP-24.11)233. The high sensitivity of GLP-1 to these enzymes,
as well as rapid renal clearance, results in a circulating half-life for active GLP-1 of

only 2 minutes in humans2s7.
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The GLP-1R is expressed in a number of tissues, including the pancreatic 3 cells and
0 cells, stomach, Gl tract, kidney, lungs, heart, various regions of the brain and
peripheral nervous system23s-242. The widespread expression of GLP-1R in both the
periphery and central nervous system mediate a wide range of physiological
responses. The origin of certain neuronally-mediated GLP-1 (or pharmacological GLP-
1R agonists) is spatially distinct242, introducing the possibility of activating specific
populations of GLP-1R-expressing neurons by specialised pharmacological agonists,
which will be discussed later. The GLP-1R is highly expressed on the pancreatic 3
cell, and peripheral infusions of GLP-1, as well as GLP-1R antagonists, exert profound
effects on insulin secretion243,244. However, its short circulating half-life has raised the
question of whether endogenous GLP-1 released by the gut persists at adequate
concentrations to directly stimulate the (3 cell, or whether peri-intestinal vagal afferent
neurons are required to sense GLP-1 and initiate a gut-brain-islet neural relay. Indeed,
GLP-1R-expressing neurons are found in proximity to the L cell2ss,246, with CNS
circuitry linked to the islets21s, which may also provide a mechanism of GLP-1-
mediated insulin secretion. Mice lacking vagal GLP-1R expression displayed impaired
insulin secretion and hyperglycaemia, suggestive of neural regulation in GLP-1R-
mediated insulin secretion247. However, specific activation of pancreatic GLP-1R
populations are sufficient to control glucose metabolismz4s, suggesting both peripheral

and central processes are involved in GLP-1-mediated glucose control.

GLP-1 has a range of physiological effects which include stimulating insulin synthesis
and secretion from the B cell, reducing gastric emptying, inducing satiety through
activation of neuronal pathways, increasing insulin sensitivity and inhibiting glucagon
secretion (See Figure 1.2 for and overview). Prolonged GLP-1 administration also
increases B cell survival through reduced apoptosis, and increased [ cell proliferation.
The combined effect of these actions is to improve glycaemia and promote weight
loss, suggesting the long-term effects of GLP-1 administration in the context of obesity
and T2DM are advantageous. In T2DM, the secretion of GLP-1 in reduced which likely
contributes to hyperglycaemia and 3 cell dysfunction24s. Infusion of GLP-1 into T2DM
patients can restore GLP-1-mediated effects including insulin secretion, insulin
sensitivity and satiety, along with an increased weight loss compared to placebo249,250.
Therefore, attempts to mimic the activity of GLP-1 are an exciting option for T2DM

treatment.
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Figure 1.2 - Overview of the physiology of glucagon and glucagon-like peptide-1 (GLP-1).

Figure from Miiller et al.2

1 4.1.9 5 P-1 f . m
GLP-1R is a G protein-coupled receptor (GPCR). GPCRs are a major class of
receptors, translating extracellular messages from diverse stimuli including light, small
molecule metabolite, neurotransmitters and to hormones such as GLP-1. GPCRs
have a conserved seven transmembrane (TM) a helical structure, hence their other
name of seven transmembrane receptors (7TMRs), linked by intracellular and
extracellular loops (ICL/ECL). GLP-1R are classified within the secretin, or class B,
family of GPCRs, which also contain a large N terminal extracellular domain which
contains an allosteric site responsible for ligand binding and specificity2s1. Ligands that
activate class B receptors bind to both the large N terminal allosteric site as well as
the orthosteric ligand binding domain within the 7TM pocket in a process termed “two-
step activation”. For this reason, there are only a small number of small molecule
agonists targeting the class B GPCRs, with the vast majority being large, peptide-
based biomolecules.

Philip Pickford 32



Biased Signalling of Dual GLP-1R/GCGR Agonists

When the GLP-1R is activated, conformational movement of the helices allows for the
initiation of intracellular signalling cascades2s2-2s5. One important signalling cascade
includes the reversible binding of various G proteins. Inactive G proteins are
heterotrimers, formed of a Ga, B and y subunit with guanosine-diphosphate (GDP)
bound to the Ga subunit. Following ligand binding and receptor-conformational
rearrangements, the G protein heterotrimer binds to a pocket within the receptor on
the cytosolic side, resulting in exchange of bound GDP for a guanosine-triphosphate
(GTP) molecule. This GTP-bound Ga subunit can then dissociate from the trimer and
activate numerous downstream signalling cascades. There are different isoforms of
Ga which affect different signalling pathways. For example, Gas activates adenylate
cyclase (AC) which catalyses the production of the secondary messenger cyclic
adenosine monophosphate (cCAMP), whereas Gai inhibits AC, thus reducing cAMP
accumulation. GLP-1R-mediated insulin secretion has been widely attributed to Gas-
stimulated cAMP pathways, whereby cAMP activates protein kinase A (PKA) and
exchange protein directly activated by cAMP-2 (Epac2). PKA phosphorylates the Katp
channel, resulting in its closure which contributes to insulin secretion2ss, although
Epac2 has also been shown to inhibit the Katp channel2s7,2s8. Both PKA and Epac2
contribute to increased intracellular Ca2+ concentrations, through an interaction
pathway involving phospholipase-C-e€ (PLC-€)259, which has also been linked to
enhanced insulin granule formation and exocytosis260. There is also evidence that
GLP-1R activation of the GB/y subunit initiates the phosphatidylinositol 3’-kinase
(PIBK)/PKB pathway, which results in reduced B cell apoptosis by reducing ROS
production and increased 3 cell growth by stimulating differentiation of pancreatic a
cell progenitor cells261-264. In adipocytes, the GLP-1R agonist liraglutide inhibited the
critical de novo lipogenesis enzyme fatty acid synthase (FASN) through a PKA-
mediated mechanism, which lead to decreased adiposity in mice2e5. GLP-1R has also
been shown to signal through Gai (which inhibits AC) and Gaq (which mobilises
intracellular Ca2+ through activation of diacylglycerol (DAG)), however the relevance
of this is still unclearzes-268. Gagq itself has been implicated in mechanisms of receptor

internalisation and insulin secretion2se.

Activation of a GPCR is quickly followed by the recruitment of G protein receptor
kinases (GRKs), which phosphorylate the receptor at the intracellular C-terminal tail

allowing recruitment of B-arrestins to the receptor. The recruitment of B-arrestins to
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GPCRs is classically associated with desensitisation of the receptor signal, as they
sterically inhibit the interaction of G proteins with the GPCR binding site27o. A further
canonical role of B-arrestins is to promote internalisation of the receptor, through their
action of scaffold proteins for clathrin and the clathrin adaptor molecule adaptor
protein-2 (AP2) initiating clathrin-mediated receptor endocytosis271,272. This also
occurs at the GLP-1R, which has been shown to be able to interact with both (3-
arrestin-1 and -2254,273-275. Ablation of B-arrestin recruitment to the GLP-1R by siRNA
also leads to decreased receptor internalisation and prolongation of signalling at the
receptor, suggesting [-arrestin-mediated internalisation reduces the signalling
efficacy of the GLP-1R276. Two B-arrestin isoforms (-1 and -2) exist, with a degree of
functional redundancy between the two: individual isoform knockout mice are normal

at the phenotypic level, yet dual isoform knockout is embryonically lethal.

As well as their established role in terminating G protein signalling events, B-arrestins
are now also being acknowledged as initiators of distinct, non-G protein-driven
downstream signalling pathways. This is believed to result from their action as scaffold
proteins for recruitment of different kinases277,27s. Moreover, abundant evidence now
exists that GPCR internalisation, including for GLP-1R, does not immediately lead to
cessation of signalling. Rather, ERK1/2 and cAMP signalling can still occur in
endosomes and appears to affect cytosolic phosphorylation rates of ERK1/2279. The
GLP-1R associates with B-arrestin-1 which acts as a scaffold to initiate sustained
ERK1/2 signalling, which have been associated with mediating GLP-1-mediated 8 cell
survivalzso and insulin secretionz7s. Interestingly, B-arrestin-1 has not been shown to
initiate GLP-1R internalisation, suggesting it may be implicated in G protein-dependant
and -independent intracellular signalling mechanisms. Further studies have since
emphasised the importance of B-arrestin signalling complexes as being vital to insulin
secretion and sensitivity (albeit not specifically for GLP-1R) 281-284. It is therefore clear
that GLP-1R signalling is more complex than first imagined, with the effects of (3-
arrestin signalling potentially detrimental (by inducing desensitisation) and beneficial

(by enhancing insulin secretion and sensitivity) to incretin biology.
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(4.1.3 SLP-1R . n T2DM | obesi
To translate the observed improvements in glycaemic control and weight loss after
infusion of native GLP-1 in obese T2DM patients, efforts have been made to harness
these beneficial effects in a practically deliverable drug formulation. Two primary
approaches have been taken: 1) preventing the degradation of endogenous incretins,
and 2) improving the pharmacokinetic and pharmacodynamic properties of GLP-1

through rational molecular optimisation.

Inhibitors of DPP-IV, the major degradative enzyme of GLP-1, are an approved drug
class for the treatment of T2DM. The actions of DPP-IV cause the circulating half-life
of active GLP-1(7-36NH2) to be as low as a few minutes237. Therefore, inhibiting DPP-
IV reduces the rate of incretin degradation, allowing for the glucoregulatory effects of
GLP-1 to prevail for longer. There are four DPP-IV inhibitors currently on the market:
sitagliptin, linagliptin, saxagliptin and alogliptin. As a monotherapy, DPP-IV inhibitors
improve baseline glycaemia, improve islet function, and improve insulin sensitivity in
T2DM patients compared to placebo2ss-2s7 or sulphonylureaszss, and improves the
glycaemic control when combined with metformin2se or TZDs290. In addition to this,
DPP-IV inhibitors are weight neutral, i.e. they do not lead to the disadvantageous
weight gain that limits the therapeutic utility of insulin secretagogues such as TZDs

and sulphonylureas291.

The second strategy has been to develop long acting GLP-1R agonists with
significantly greater circulatory half-lives than native GLP-1. In generally,
pharmacological GLP-1R agonists display greater anti-hyperglycaemic properties
than DPP-IV inhibitors292-295, and are therefore regarded as the preferred approach to
increasing GLP-1 activity in T2DM patients. The first pharmacokinetically-enhanced
GLP-1R agonist, exendin-4 (Ex4), was identified by Dr John Eng in 1992 from the
saliva of the Gila monster (Heloderma suspectum)29e and shown to be an agonist at
the GLP-1R297. Ex4 shares a 53% sequence homology with native GLP-1296, with
glycine at position 2 making Ex4 resistant to DPP-IV degradationzgs. The circulating
half-life of Ex4 is reported to be 26 minutes to 2 hours in humans299, depending on
route of administration, making it therapeutically effective with twice-daily dosing.

Consequently, exenatide and lixisenatide have been developed, which are structurally
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based on Ex4300. A second approach has also been taken in which large biomolecules
are attached to native GLP-1 to decrease the rate of renal clearance. These larger
GLP-1R agonists include the recently licensed drugs liraglutide and semaglutide as
well as albiglutide and dulaglutide. In general, the second option, adding large
macromolecules to GLP-1 creates a longer lasting but less potent compound, whereas
the opposite is true for amino acid-based GLP-1R agonists. For an in-depth discussion

on GLP-1R agonist structures, see section 5.1.1.

The first licensed GLP-1R agonist, the twice-daily injectable exenatide (Byetta®)
which is recombinantly-produced Ex4, was tested as an adjunct therapy to insulin or
metformin. It led to improved glycaemic control by reducing HbA1c levels compared
to placebo in patients with diabetes were on background medicationso1,302. Head-to-
head studies indicate that exenatide leads to similar reductions in HbA1c as
sulfonylureas and TZDs, but possesses the significant advantage of a lower risk of
hypoglycaemiasoi-304. Therefore, since 2007 Byetta® has been licensed as a therapy
for T2DM. Moreover, exenatide has evolved from a twice daily injection to a once-daily
and once-weekly preparations, leading to a more effective GLP-1R agonist for treating
T2DM. When tested directly against Byetta®, once weekly exenatide (Bydureon®)
improves HbA1c levels by 0.4-0.7%305,306. Other GLP-1R agonists since have been
shown to be even more effective than Bydureon® at improving basal glycaemia, with
both liraglutideso7 and semaglutidesos showing improved long term HbA1c reductions
of 0.2-0.6% compared to Bydureon®. To date, semaglutide given as a once weekly
injection, has shown to be the most effective GLP-1R agonist at improving HbA1c
levels in T2DM patients, when compared to other GLP-1R agonistsaos-312. However,
with variations in dosing, group size, demographics and length of studies, valid
comparisons with all GLP-1R agonists are not possible outside of head-to-head

comparisons.

When co-administered with metformin, twice-daily exenatide produced modest weight
losses of 1-3kg versus placebo in human studies whilst displaying exceptional
glycaemic improvementsso1,313. Bydureon® (once-weekly exenatide) produces
between 2-4kg weight loss over six months to a year compared to placebo3os,314-316.
In Phase lll clinical trials, the once-daily injectable liraglutide consistently resulted in a

larger 5-10% weight loss between 20 weeks and 2 years compared to placebo, both
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with lifestyle modifications includeds17-322. For this reason, liraglutide is marketed as
an anti-obesity treatment as well as for diabetes. Semaglutide has also been shown
to induce the greatest weight loss in diabetic obese individuals3o9,323, even showing a
greater weight loss versus liraglutide in non-diabetic24 and diabetic obese
patientssio,325. As semaglutide is the first licensed oral GLP-1R agonist, this result is
exciting as it suggests an oral drug, which is much preferred in patients compared to
an injection, could provide superior weight loss compared to an injectable drug.
However, it must be noted that in the O’Neil study, semaglutide was injected once
daily rather than the once weekly recommended dose, which may affect circulating

drug levels and nausea.

Despite their exciting clinical effects, GLP-1R agonists are commonly associated with
side effects including nausea, diarrhoea, vomiting and Gl disturbancesszs. These side
effects reduce the potential efficacy of GLP-1R agonists, as dose finding studies have
shown that enhanced glycaemic control is possible at doses beyond that given in
standard therapeutic doses, suggesting the maximal therapeutic dose exceeds the
tolerated dose. Nausea is associated with the passage of the GLP-1R agonist through
the blood-brain barrier (BBB) into the brains2z. This paradigm is supported by clinical
observations of albiglutide, which displays low brain penetration due to its large size.
Albiglutide is more readily tolerated by patients as it shows reduced rates of nausea;
however, the lack of brain penetration also limits its ability to reduce food intake,
leading to less impressive weight losss2s-330. Interestingly, albiglutide scores lower on
the patient satisfaction index than liraglutide, despite being better tolerated, due to the

lesser weight loss acheiveds27,32s.

Other adverse effects of GLP-1R agonists have been suggested. Some of the most
serious of these include pancreatitis and even pancreatic cancer. GLP-1R is
expressed at low levels in the pancreatic exocrine tissue. Some clinical studies have
shown marginally increased levels of circulating pancreatic enzymes in GLP-1R
agonist-treated patientsssi-333, whilst others have shown no differencesss-336. Overall
assessment of the available evidence does not support a causal relationship between
GLP-1R agonist treatment and pancreatitisss7, and it is important to recognise that
T2DM itself is a risk factor of pancreatitissss, which has confounded interpretation of

some studies.
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1.4.2 Glucagon

1.4.2.1 _ Glucagon physiology
Glucagon, secreted primarily by the a cell, is classically associated as the counter-
regulatory hormone to insulin, as it was reported in 1923 by Kimball and Murlin to
cause hyperglycaemia. Like GLP-1, it is a product of the Ppg gene; however, it results
from processing by PC2 in the pancreas, as opposed to PC1/3 for GLP-1 in the L
cellsz2. Interestingly, glucagon shares significant sequence homology to GLP-1 and
can therefore act as a weak agonist to the GLP-1R, albeit with 1000-fold lower
potency12. Like most endogenously produced peptides, glucagon has a short
circulating half-life between 4 and 7 minutessso,ss0. The most potent stimulant of
glucagon secretion is hypoglycaemia, which is believed to induce glucagon secretion
from the alpha cell in a manner similar to GSIS, however reduced adenosine
triphosphate (ATP) caused by hypoglycaemia causes closing of the Katp channels in
the a cell, as opposed to high intracellular ATP concentrations stimulating closure in
the B cellz41. A secondary hypothesis of hypoglycaemia-induced glucagon release is
hypothalamic sensing of hypoglycaemia, which induces centrally-mediated secretion
of glucagon from the a cellz42,343. Insulin is a potent inhibitor of glucagon secretion,
and it has been shown in vitro that glucotoxicity induces abnormal glucagon secretion
in rodent a-like cells in the absence of physiological insulin signallingss4. This suggests
that glucotoxicity is implicated in T2DM by affecting the insulin/glucagon feedback

mechanism.

Glucagon acts on its cognate receptor, the GCGR, to increase hepatic glucose
production by increasing the activity and expression of enzymes involved in
glycogenolysis and gluconeogenesis, as well as inhibiting glycolysis and
glycogenesis2. The GCGR is predominantly expressed on the liver, but is also
expressed to a lesser degree on pancreatic a and B cells, kidney, neurons and adipose
tissuesss. Acute responses to hypoglycaemia results in enhanced glycogenolysis, with
little effect on gluconeogenesissss. However, upon prolonged fasting when glycogen
stores are depleted, gluconeogenesis dominates the glucose-production drivesas7. With
the introduction of glucagon detection assays, discovery of high circulating glucagon

(hyperglucagonaemia) was noted in T2DM patientsss4s. This produced two theories:
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firstly, the bi-hormonal model of glucose homeostasis, where glucagon and insulin
compete with each other to mediate normoglycaemic conditions. Secondly, it was
thought that hyperglucagonaemia was a major determining factor for diabetes

progressionas4s.

However, the biology of glucagon is much more complex than first believed. In
glucagonoma patients, where a cell tumours result in hyperglucagonaemia, not all
patients display diabetes mellitus or even hyperglycaemiasso-3s2. Similarly, GCGR
knockout animal models, or treatment with a GCGR-neutralising antibody or small
molecule inhibitor does not result in extreme hypoglycaemiasss,as4. Finally, prolonged
glucagon infusion into non-diabetic humans produces acute hyperglycaemia followed
by euglycaemia, whereas diabetic humans without the compensatory insulin response
showed hyperglycaemiasss,sse. This suggests that the bi-hormonal hypothesis does
not adequately describe the control of blood glucose levels. Importantly, glucagonoma
patients show excessive weight loss and extreme hypoaminoacidaemia (low
circulating amino acid levels)ss7. It is now thought that glucagon acts through its
hepatic receptor to increase expression of key enzymes involved in amino acid
catabolism and subsequent gluconeogenesissso,3ss-360. In addition to this, glucagon
stimulates ureagenesis, which is a key step in removing toxic ammonia produced from
amino acid catabolismass1,362. Through these mechanisms, glucagon increases the flux
of amino acids into the liver as a means of gluconeogenic substrates. Whether an
increased supply of amino acids, through diet or therapy, can be used to counteract
the hypoaminoacidaemia observed from chronic GCGR stimulation would be
interesting to observe, as it may present a means of ablating muscle wasting which

could hamper GCGR agonist therapies.

The ability of glucagon to contribute sources of energy is not limited just to glucose
homeostasis. In humans, periods of extended fasting where glucose availability is
compromised, glucagon also stimulates lipid metabolism to serve as an alternative
fuel source. In hepatocytes, glucagon stimulates lipolysis (the breakdown of complex
fats into fatty acids) from stored triglycerides by phosphorylating key lipolytic
hormonessss in parallel to an inhibition of de novo fatty acid synthesisss4. In addition to
stimulating FFA production, glucagon stimulates ketogenesis and 3 oxidation of FFA

in hepatocytes, a process which results in the breakdown of FFA, producing ATP as
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an energy sourcesss. However, in humans the lipolytic effect of glucagon was minimal
at physiological levelssee-36s, and effects at supra-physiological levels were ablated by
concurrent insulin administrationses-372, suggesting in humans any lipolytic effect is

only relevant when insulin levels are low (for example, during fasting).

In humans, glucagon may cause a reduction in food intakes7s-376, however this may be
dose- or administration-related. Glucagon is capable of penetrating the blood brain
barrier to act on hypothalamic neurons to induce food intake reductions77,37s.
Interestingly, infusion of glucagon into the hepatic portal vein, a site of higher post-
prandial glucagon concentrations also leads to satietys79, suggesting vagal signalling
may mediate glucagon-mediated satiety. A role of glucagon in increasing energy
expenditure is also apparent, as pair fed rats given glucagon lost more weight than
placebo-treated ratssso. Similarly, humans that are infused with glucagon display
increased oxygen consumption, in line with an increase in energy
expenditure227,228,381,382. One possible mechanism for this could be non-shivering
thermogenesis activation of brown adipose tissue (BAT), as rodent studies showed
increased oxygen consumption and thermogenesis when glucagon was
administeredsss,3s4, and mice deficient in glucagon peptide production display reduced
thermogenic abilities in cold conditions3ss. Levels of UCP-1, a key mitochondrial
enzyme involved in the thermogenic response, increase in rodent BAT after glucagon
administrationsss, suggesting a mechanism of increased energy utilisation by
thermogenesis using UCP-1 in BAT. In humans, glucagon levels rise upon exposure
to coldsss, suggesting an adaptive glucagon-mediated response to cold-induced
thermogenesis. However, human studies have cast doubt on a major role for BAT in
GCGR-mediated energy expendituress13s7. An alternative theory is that glucagon
increases the “browning” of white adipose tissue (WAT), allowing for a greater extent

of BAT thermogenesissss.

Glucagon is also a potent stimulant of insulin secretion. Indeed, mixed-nutrient meals
induce a rise in circulating glucagon in healthy humans, suggesting a physiological
role of glucagon in the post-prandial statesse. The GCGR is present on the pancreatic
B cellsgo, and in vitro perfusions of pancreata suggest that glucagon is able to stimulate
insulin secretion from the B cells, in conditions of high glucose conditions12,391,392.

Interestingly, owing to its weak affinity at the GLP-1R, glucagon is able to instigate
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insulin secretion by activating both the GCGR and GLP-1R12. In addition to this,
overexpression of the GCGR in mouse [ cells improves glucose control through
increased B cell proliferation and insulin productionsses, further suggesting a functional
role for GCGR activation in the overall insulin secretory response. When human islet
cells were treated with the GCGR antagonist des-His1-[Glu9]-glucagon-amide, insulin
secretion was reduced in hyperglycaemic conditionsss. Owing to this, Kim et al.
investigated the effect of a GCGR agonist on insulin secretion and sensitivitysss. Here,
treatment of a GCGR agonist prior to an IPGTT resulted in improved insulin sensitivity
compared to vehicle, suggesting a positive insulinotropic ability of GCGR activation.
As GCGR activation is typically associated with hyperglycaemia, these findings
suggest that utilising GCGR agonism in a therapeutic setting could produce beneficial

insulinotropic effects in the post-prandial setting.

1.4.2.2  Glucagon receptor signalling

Like the GLP-1R, the GCGR is a class B GPCR. Activation of hepatic GCGR leads to
the activation of Gas, activating AC to produce cAMP which in turn activates PKA. In
the liver, activated PKA plays a number of roles critical to glucagon physiology.
Activated PKA can migrate to the nucleus to activate TORC2 which enhances the
expression of key gluconeogenic enzymes including phosphoenolpyruvate
carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase)2,395,396. Activated PKA
also leads to activation of glycogen phosphorylase (GP) which promotes
glycogenolysis and production of glucose-6-phosphate (G6P), which is a key substrate
of gluconeogenesis. PKA/TORC2 signalling has also been linked to glucagon
mediated effects on hepatic B oxidation of lipids3e7 and inhibits lipogenesis by inhibiting

the key enzyme acetyl-coenzyme-A carboxylase (ACC)zes.

Glucagon can also signal through coupling to Gag 398-400, and a GCGR agonist which
specifically couples to the Gaq pathway has been shown to initiate hepatic
glycogenolysis, gluconeogenesis and ureagenesisas. This could be through
regulation of the hepatic TORC2 regulator CREB-regulated transcription coactivator 2
(CRTC2)2401. PKC, which is activated through the Gaq signalling cascade, but not
PKA, has also been shown to mediate glucagon-mediated GCGR desensitisationao2

and internalisationasos, therefore Gaq signalling at the GCGR may also contribute to

Philip Pickford 41



Biased Signalling of Dual GLP-1R/GCGR Agonists

either self-phosphorylation or activation of other GRKs to cause desensitisationso2

which causes the recruitment of B-arrestin to the receptor for internalisationa4os.

The role of B-arrestin recruitment in GCGR responses is less understood than for GLP-
1R signalling. Like the GLP-1R, B-arrestin recruitment is a potent regulator of the
receptor, resulting in GCGR desensitisation and internalisation2ss,403. When B-arrestin-
2 is knocked out of the murine liver, hepatic GCGR cAMP signalling is increased and
hyperglycaemia ensues, suggesting 3-arrestin-2 could mediate GCGR desensitisation
and internalisationzss. Interestingly, in this study, hepatic B-arrestin-1 knockout did not
affect glucose homeostasis, which suggests its roles are distinct from receptor
desensitisation and internalisation. B-arrestin-1 does associate with the GCGR, and
both B-arrestin isoforms are recruited to the receptor when internaliseds03. The
combination of the Zhu and Kirilov studies therefore suggest that B-arrestin-2 is
essential for GCGR internalisation (as knock out of it resulted in attenuated
internalisation), and further recruitment of B-arrestin-1 enables signalling to other
intracellular pathways. Whether this indicates B-arrestin-1 primarily acts as a scaffold
for non-Gas-mediated pathways, or it plays no role in GCGR pharmacology, is

unknown.

423 Taroeting the al n T2DM and obesi

The revelation that circulating glucagon levels are elevated in T2DM patients led to
research into antagonists of the GCGR as a route of treatment for T2DM. Additionally,
glucagon is used as a therapy against hypoglycaemia (such as that from insulin
overdose), therefore blocking the activity of glucagon could theoretically result in eu-
/hypoglycaemia. Whilst there has been success in improving glucose tolerance in
animal models of T2DMa4o4-406, N0 GCGR antagonist has progressed to the clinic as
investigational GCGR antagonists result in hepatic steatosis and worsened circulating

lipid profiles4o7,408.

Direct infusion of glucagon into T2DM humans is associated with acute
hyperglycaemiaz27,228, which limits the ability of a GCGR mono-agonist to be used as
a therapy for any patient with T2DM. However, addition of GLP-1R agonism corrects

hyperglycaemia whilst maintaining beneficial GCGR-mediated effects. Intriguingly, it

Philip Pickford 42



Biased Signalling of Dual GLP-1R/GCGR Agonists

may be possible to use GCGR agonists to promote euglycaemia. In rodent studies,
injection with a GCGR agonist resulted in acute hyperglycaemia (as expected from
hepatic glycogenolysis) followed by prolonged improved glucose tolerance and insulin
sensitivitysss. Agonists that have concomitant GCGR activity, such as GLP-1R/GCGR
agonists or GLP-1R/GIPR/GCGR tri-agonists, similarly display enhanced
glucoregulatory abilities in patients with T2DM (see section 1.4.3.3), suggesting

activating the GCGR in the context of hyperglycaemia may, in fact, be beneficial.

The beneficial effects of glucagon therapy extend to its effects on lipid metabolism,
satiety and energy expenditure2. In humans, glucagon administration enhances
energy expenditure227,228,381,382 leading to weight lossa74,382. Co-infusion studies with
GLP-1R agonism also results in a reduction in food intake alongside increases in
energy expenditure227,228,381, making GCGR agonists an attractive component of a
combination anti-obesity drug approach. Alongside its beneficial effects on body
weight, glucagon infusion may modulate lipid metabolism in diabetic humans. When
pharmacological levels of glucagon were infused into non-diabetic or diabetic humans,
diabetic patients displayed enhanced lipolysis and ketogenesiss71, however the site of
lipolysis (either adipose or hepatic) was not investigated. This effect is not observed
at physiological levels of glucagonaos. Interestingly, adipose-derived lipolysis (which
results in increased circulating FFA which could be harmful to hepatic health) is
inhibited by insulin, but insulin-mediated inhibition of hepatic lipolysis has not been
specifically noted. Therefore, a combination of glucagon and insulin could improve
hepatic lipid levels without detrimental lipolysis deriving from the adipocyte. More in
depth investigation in rodents show that after glucagon administration, hepatic
triglyceride accumulation reduces and an improvement in liver health is
observedsoez,410-412. Finally, impaired glucagon signalling is observed in patients with
the obesity-related disease non-alcoholic fatty liver disease (NAFLD )413-415, which may
contribute to triglyceride accumulation through a reduction in lipid metabolism.
Therefore, pharmacological stimulation of GCGR signalling may help to reverse fatty

liver.

As well as its own metabolic effects, glucagon has been used as a means to deliver
additional metabolic modulators to the liver. Finan et al. conjugated glucagon to thyroid

hormone T3 with the aim of achieving a form of “liver-specific hyperthyroidism”s1e.
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Endogenous T3 shows favourable effects on energy expenditure, fatty acid oxidation
and cholesterol metabolism through its actions on the liversi7,418, but serious side
effects such as myocardial arrythmias and osteoporosis related to myocardial and
bone thyroid hormone receptor, limit its use as a treatments19. In mice, treatment with
the glucagon-T3 conjugate resulted in improved glucose tolerance, improved insulin
sensitivity, weight loss and lower hepatic lipid and cholesterol levels without leading to

side effects by actions on other tissuesas.

Therefore, the therapeutic benefits of GCGR are striking and, due to the early
discovery that it induces hyperglycaemia, not fully understood. Integration of GCGR
agonism into therapies could enhance therapeutic outcomes related to glucose

homeostasis, insulin utility, body weight and fatty liver.

1.4.3 Oxyntomodulin

1.4.3.1  Oxyntomodulin physiology

Another incretin that is observed at higher circulating levels post-bariatric surgery is
OXM. Like GLP-1 and glucagon, it derives from the Ppg gene and is secreted post-
prandially from L cells420. Structurally, OXM is composed of the 29 amino acids of
glucagon, plus an eight amino acid tail, called intervening peptide-1(IP-1). It shares
close sequence homology with both GLP-1 and glucagon, therefore acts as an agonist
at both receptors, albeit with reduced potency compared to the endogenous
ligandsa21,422. Like GLP-1 and glucagon, it is rapidly degraded by DPP-IV and renal
clearance once secreted into the circulation, with a circulating half-life of approximately

10-12 minutesa23,424.

Physiologically, as it is secreted from the L cells with GLP-1 it is thought to share a
similar physiological role to GLP-1. OXM is secreted post-prandially and is therefore
believed to control glycaemia through its insulinotropic abilities on the GLP-1Ra425, with
similar unresolved questions regarding a direct B cell versus neutrally-mediated
mechanism of action. Acutely, lean-healthy, obese-healthy and obese-T2DM humans
administered with physiological post-prandial levels of OXM all display enhanced

glucoregulatory abilities and enhanced insulin secretionaze,427. OXM also reduces food
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intake at physiological levels without affecting gastric emptying, unlike GLP-1, in
healthy humansaze 428, however the lack of effect on gastric emptying has been
questionedsze. Another mechanism by which oxyntomodulin may increase satiety is
by inhibiting the orexigenic hormone ghrelins2s 429, however again this has been
refutedsso,431. Therefore, the exact mechanism by which OXM induces weight loss is

unknown.

Mice injected with oxyntomodulin or GLP-1 show differential neuronal activation
patterns, suggesting differences between the two hormones in their ability to modulate
centrally-mediated GLP-1R activities such as satiety and insulin secretion, however
this has not been confirmed in humansss2,433. Finally, OXM has been shown in GLP-
1R or GCGR knockout mice to increase the heart rate though a GCGR-dependant
mechanism and reduces body temperature via a GLP-1R-mediated mechanismass4. No
cardiovascular effects have been observed in humans infused with physiological
levels of post-prandial OXMa426, meaning that these effects might only occur at

pharmacological doses.

1.4.3.2  GLP-1R/GCGR agonists

Integrating the activity of two biological molecules in one therapy may provide a
beneficial treatment strategy compared to monotherapy. In the case of GLP-1R mono-
agonists, their therapeutic use is limited by its nauseating and Gl disturbances, and
glucagon agonism by its excessive hyperglycaemia and amino acid catabolism
leading to secondary muscle-wasting. Therefore, activating two or even three incretin
receptors simultaneously may additively produce a more effective therapy whilst
bypassing side effects associated with activation of the individual receptor by allowing

lower dosing of each individual componenta1s,43s.

Oxyntomodulin is a naturally-produced dual agonist at both the GLP-1R and GCGR
agonist which is found at higher circulating concentrations after bariatric surgery221.
Through its actions at the GLP-1R, it is thought to enhance insulin secretion and
satiety, both of which are enhanced after bariatric surgery. Alongside the primarily
GLP-1R-dependant reduction in food intake, GCGR activation contributes to weight

loss through increased energy expenditure. Whilst GCGR activation results in
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hyperglycaemia, this could be offset by the insulinotropic abilities of GLP-1R signalling
at the B cell. When physiological levels of OXM alone are infused chronically into
obese humans, greater weight loss is observed than with GLP-1R activation alones2s,
which is attributed to the GCGR activity227,228 424. Alongside the improved weight loss,
OXM infusion improves insulinotropic and glucoregulatory abilities to that of GLP-1R
agonism alone227. Similarly, infusion of both GLP-1 and glucagon shows superior
effects on weight loss and food intake compared to the individual hormones, without
affecting glucose tolerance22s. This suggests that addition of GLP-1 can mask
hyperglycaemia associated with glucagon mediated gluconeogenesis, which could
allow the beneficial effects of both hormones to be combined to improve the treatment
of T2DM and obesity.

Therefore, attempts have been made to produce dual GLP-1R/GCGR peptide
agonists based on the structure of OXM, but with enhanced resistance to rapid DPP-
IV-mediated degradation which limits the circulating half-life of OXM to 10-12
minutes423424. The first example was developed by DiMarchi & Tschop, who altered
amino acids within OXM and added a polyethylene glycol (PEG) side chain to produce
a PK-enhanced dual agonist4ss. In rodents this resulted in exceptional weight loss
versus GLP-1R agonism alone with equal improvements in glucose handlingsse. A
second GLP-1R/GCGR dual agonist, initially designed by Alessandro Pocai and later
developed by Merck (MK-8521), is based on OXM with protective amino acid
substitutions and a cholesterol residue added at the endass7. Preliminary studies in
rodents showed similar impressive weight loss and glucoregulatory improvements as
the Day et al. molecule, attributed to signalling at both receptors, and superior weight
loss versus a GLP-1R-selective compound4sz. Preliminary phase Il data in obese
T2DM patients suggests a reduction in Hba1c levels of 0.6% after 12 weeks compared
to placebo, whereas liraglutide reduced HbA1c by 1%a43s. Liraglutide was, however,
given at a six times higher dose which likely explains the improved HbA1c results. MK-
8521 treatment resulted in a weight loss of 1.7kg after 12 weeks, whereas liraglutide
at a six times greater dose achieved a weight loss of 1.6kg4ss. If administered at a
higher dose, to match the improvement in HbA1c, the weight loss difference would
likely be more pronounced. SAR425899, a Sanofi-developed dual GLP-1R/GCGR
agonist, has also been developed based and is an acylated form of an Ex4/glucagon

hybrid. It is currently in phase Il human trials, and has shown weight loss of 5.3-5.5kg
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after 28 days of treatment in two cohorts of overweight/obese patients who were either
metabolically healthy or T2DMa3g. Similarly, SAR425899 reduced HbA1c levels by
0.5% and improved 3 cell function and glucose tolerance in both groups compared to
placebos43e-441. Finally, cotadutide (MEDIO382), was designed by combining the
glucagon backbone with key GLP-1R-activating amino acid residues with a
palmitoylation site at position 10442. Displaying similar improvements in body weight
reduction and glycaemic control compared to a GLP-1R-selective agonist in miceas4z,
MEDI0382 is in phase Il of clinical trials. Initial phase Il data shows that 6 weeks of
cotadutide results in an improvement in post-prandial glucose tolerance, a reduction
in HbA1c by 0.3% and a weight reduction of 2.1kg versus placeboa4s3. In addition to
this, it significantly improved hepatic lipid removal, correlating with improved weight
lossa444. Further dual GLP-1R/GCGR agonists are in various stages of development
and their progress will be equally exciting to observeas24,445-447. It will be crucial in future
to compare the relative effects of new GLP-1R/GCGR dual agonists versus class-

leading GLP-1R mono-agonists, such as semaglutide, in obese T2DM patients.

Despite the exciting weight loss effects and improvements to 8 cell function and
glucose tolerance, nausea and other Gl effects remain an issue for all the treatments
discussed here. Increasing the “therapeutic window” of these agents is a necessary

step to optimise the therapeutic potential of this drug class.

Examples of other dual incretin therapies include the incorporation of GLP-1R and GIP
agonism. Whilst the therapeutic potential of GLP-1R agonism has been clearly
demonstrated, the benefits of GIPR agonism have been harder to identify. Whilst GIP
is thought to be a major incretin under physiological conditions, the anti-
hyperglycaemic properties of GIP are markedly reduced in T2DM patients2o,21, and
there are studies which suggest GIP may even contribute to an increase in
adiposity44s,449. This has resulted in perhaps paradoxical interest in GIPR antagonists
as an anti-obesity strategysso,451. On the other hand, it has also been shown that GIP
peptide over-expression leads to improved glucose control, hepatic lipid profiles and
insulin secretion without changes in weight gain4s2. This data is backed up in

longitudinal studies in rodents which suggest an improvement in 3 cell function and
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glucose controlss3 454. The re-emergence of GIP as a candidate anti-diabetes therapy
has led to GIPR/GLP-1R dual agonists being developedasss4s6. Pre-clinical rodent
studies validate GIPR/GLP-1R dual agonism as a means to achieve greater weight
loss, improved glycaemic control and reduced Gl toxicity versus GLP-1R agonism
alonesss.457. In humans pre-clinical studies, it reduced HbA1c by up to 0.3% after 2
weeksass or 0.9% over 6 weeks in T2DM patients versus placeboasss. In the final study,
a modest weight loss of 1.8kg was also observed for patients on drug versus
placeboasss. A second GLP-1R/GIPR agonist tirzepatide (LY3298176), which is a once-
weekly injectable, has also been developed and is in phase Il trials. High-dose (10-
15mg) tirzepatide improved glucose tolerance and reduced HbA1c levels in patients
with T2DM by 0.6% by 4 weeksass, 2.0-2.2% by 12 weeks4so and 1.9% by 26 weeksas1.
Compared to placebo, high dose tirzepatide also reduced body weight by 4.5kg by 4
weeksass, 5.0-5.2kg by 12 weeks4s0 and 10.9kg by 26 weeks in obese T2DM patients.
Interestingly, it also increased weight loss by 2.7-3.2kg by 4 weeks4ss and 8.6kg by 26
weeksss1, compared to the GLP-1R agonist dulaglutide. It is important to highlight here
that the dose of tirzepatide was five-fold greater than for dulaglutide in this study, and
also that the GLP-1R signalling potency of tirzepatide is also five-fold weaker than
dulaglutide; therefore, equivalent GLP-1R might be achieved, making it difficult to
conclude whether GIPR action contributes significantly to its overall effect in humans.
Tirzepatide modulates lipid and carbohydrate metabolism in differentiated human
adipocytes through a GIPR-mediated mechanism, which may explain the greater
weight loss462. However, the incidence of nausea and Gl side effects was present in
approximately 50% of the patients on high dose tirzepatide, limiting the extent of
further weight lossse0,461. Tirzepatide also reduced gastric emptying rates, through a

GLP-1R-mediated mechanism, which likely contributes to satiety and weight loss4ss.

A monomeric tri-agonist acting at the GLP-1R, GCGR and GIPR has also been
developedsss. In addition to the insulinotropic effects of GLP-1R signalling and the
energy expenditure effects of GCGR signalling, the additional GIPR agonism adds a
further insulinotropic element as well as the putative beneficial effects of GIPR
agonists on lipid metabolism. In mice, the Finan et al. tri-agonist displayed a 20-day
weight loss of 27%, primarily relating to fat mass lossa4ss4,465, and improved
steatohepatitisses. Similar results were observed in the Choi et al. agonist (HM15211),

where the weight loss observed is greater than that of liraglutide alonesss. Whilst the
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apparently improved therapeutic potential of these novel molecules is purported to
relate to its actions all three receptorsas4, no side-by-side studies have been performed
with either a dual GLP-1R/GCGR or GLP-1R/GIPR agonist to observe the

improvement attained by tri- as opposed to dual-agonism.

Other combinations of incretin hormones, such as GLP-1, oxyntomodulin and peptide
YY (PYY, another anorectic hormone), have also been trialled. The latter combination,
named “GOP”, has been infused in overweight patients with prediabetes/T2DM. All
three hormones are observed at much higher levels post-bariatric surgery, therefore
GOP infusions closely mimic the post-surgery incretin state219, albeit with the elevated
hormones being sustained over many hours, unlike in the physiological setting. Here,
GOP produced a 28-day weight loss of 4.4kg which, whilst slightly less than gastric
bypass comparators, also showed superior glucose tolerance than bypass patients21s.
The weight loss observed was likely a combination of reduced food intake and

increased energy expenditure21s.

It is therefore clear that incretin/fhormone multi-agonist therapy is a successful method
of a) improving glucose tolerance and B cell function and, b) causing greater weight
loss than through GLP-1R agonism alone. OXM, which benefits from GLP-1R-
mediated glucose control and satiety in conjunction with GCGR agonism to increase
weight loss through energy expenditure is a prototypical example on which a number
of synthetic pharmacological agonists have been based. However, the maijority of
these multi-incretin therapies are still limited by similar side effects to those of
individual hormone mono-agonism. Therefore, a means of bypassing the tolerability
limitations, whilst maintaining their enhanced therapeutic actions, is a potential

“golden-ticket” for tackling the diabesity crisis discussed in this introduction.

1.5 Biased Signalling

1.5.1 Introduction
GPCRs signal through a wide range of G protein-, B-arrestin- and non-canonical

signalling pathways. The transition from receptor activation to receptor signalling at all
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GPCRs has traditionally described a “two-state” model of receptor activation, where
ligand binding resulted in an “active conformation” of the receptor and all intracellular
pathways were activatedss7. Through this method, there a range of monotonic
signalling profiles available, based around the potency and efficacy of the ligand to the
GPCR. However, there has been a paradigm shift in our understanding of GPCR
pharmacology over the past 30 years, resulting in new knowledge of how GPCR
signalling can be therapeutically utilised. It is now accepted that agonists binding to a
receptor can activate selective downstream signalling pathways over others by

” “*

stabilising the receptor in a certain conformation, termed “biased agonism”, “biased

signalling”, “functional selectivity” or “selective signalling”ses-470. X-ray crystallography,
nuclear magnetic resonance (NMR) spectroscopy and cryo-electron microscopy
studies have confirmed that activated receptors can form various conformations,
which leads to unique recruitment profiles for intracellular signalling molecules471-473.
A ligand which can induce a conformation leading to the selective pathway activation

is therefore termed a “biased agonist” (Figure 1.3).
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Figure 1.3 - Schematic of biased signalling

Figure taken from Rankovic et al.1

To confirm a ligand as being “biased” or “selective”, it must be compared against a
reference ligands. This is because endogenous ligands rarely activate all intracellular
signalling pathways with equal potency and efficacy, therefore comparisons must be
made on an individual basis. Adding to this complexity, activation of a given pathway
can vary between cell-type or assay used, referred to as system-biasa4eo,474. Here, cell-

specific expression levels of signal transducer molecules (such as G proteins, AC,
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DAG, GRKs, B-arrestins) or the target receptors can affect the coupling of the ligand-
receptor conformation to the potency and efficacy of recruiting the signal
transducersa74,475. Another factor which can affect the observed bias is the sensitivity
of the assay to visualise a response, termed “observational bias”4s9. Observational
bias affects the potency and efficacy of the stimulus-response relationship, and is
affected by reaction conditions such as temperature, time and reagents used. It is
known that observational bias is affected by temporal properties of GPCR
signallingz79, therefore it is critical that experimental conditions are carefully
considered and maintained to avoid confounding effects of observational bias on the

results.

To avoid inappropriate identification of a biased agonist, comparisons between two or

more ligands should be preferably carried out using the following conditions:

1) Using the same cell line to avoid “system bias”.
2) Use equal testing conditions (time, temperature) to avoid “observational bias”.

3) Using matched assays to avoid differences in response amplitude or potency.

If these stringent conditions are maintained, the results gained can aid in the validity

of translating interesting in vitro signalling data into an in vivo response.

Once experimental parameters are normalised, quantification of bias should be
performed to allow comparisons between agonists. Using potency (pECso values) or
efficacy (Emax values) alone discriminates against the other pharmacological
parameter, whereas in many cases the two are not linked. Therefore, using a
quantitative scale that incorporates agonist potency and efficacy into a single
parameter would be preferable. The most commonly used model for quantifying bias
is the modified operational model of agonismazs. Here, agonist efficacy is defined by
the parameter 1, which is the receptor density of the system (Rt) divided by the intrinsic
efficacy of the agonist to activate a particular cellular response pathway (Ke), therefore
1=Rt/Ke. A ligand'’s ability to activate a given intracellular pathway is also dependant
on its intrinsic affinity (Ka). Both efficacy (1) and affinity (Ka) are combined into the form
log(1/Ka) to account for affinity and efficacy in a system-independent manneraeg 7.

Two log(T\KA) values are then compared to produce the comparative form
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Alog(tau/Ka). Using system-independent measures, such as log(1/Ka) are useful when
comparing agonist bias across different cell types or animal models which will have
different receptor and transducer quantities. Other methods are available, such as the
relative activity scale (AlogECso/Emax) which is a simpler method using the estimated
values ECso and Emax477,478, or the “competitive scale” for cases of extremely partial
biased agonists where pharmacological parameters are inaccurately calculatedaro.
Reviews are available which discuss when different quantification models can be

useds,480-482.

52 T} c Applicati ¢ Biased Adoni

The claimed therapeutic utility of biased signalling is to selectively activate intracellular
signalling cascades associated with the therapeutic efficacy of a ligand, whilst
reducing signalling to pathways which may be associated with side effects. This
expands the repertoire of ligands available to therapeutically target GPCRs and could
improve the therapeutic efficiency of activating a GPCR by widening the therapeutic

window.

Numerous examples exist of biased agonists being used to improve the therapeutic
utility of agonists to a GPCR. Canonical agonists at the y-opioid receptor (MOR) (such
as morphine and fentanyl) are an important drug class for providing analgesia in cases
of chronic pain or inflammatory pain. However, their clinical usefulness is limited by
the side effect profile, including respiratory depression, dependency and Gl effectsass.
Interestingly, many of the side effects have been associated with B-arrestin
signallingsss-487. Therefore design of G protein-biased drugs, i.e. compounds which
show reduced B-arrestin recruitment for the same degree of G protein activation,
should theoretically minimise adverse effects associated with MOR agonists whilst
also simultaneously prolonging signalling by reducing receptor desensitisationass. In
mice which have [B-arrestin-2 knocked out, or RNA-interference, MOR agonist
tolerance, respiratory depression and Gl effects are decreased and treatment efficacy
is increasedasssss489. Therefore, G protein-biased agonists have been developed
which show improved therapeutic efficacy compared to morphine in mice. The first G
protein-biased agonist published was oliceridine (TRV130), which showed equivalent

analgesic properties as morphine but reduced side effects in rodentsss. In phase |l
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trials, oliceridine has shown similar improvements in analgesia in humans versus
morphine and/or a reduced incidence of adverse effects491-493. Whether these short-
term studies translate into longer term benefits remains to be seen. Interestingly,
oliceridine was initially refused Food and Drug Administration (FDA) approval in 2018
due to other associated side effects relating to cardiac dysrhythmia. However, proof
of principle has been provided that biased signalling can be leveraged to improve the
therapeutic window of MOR agonists in humans. This has led to further discovery and

development of other biased MOR agonists with better pre-clinical efficacyasa.

Similar approaches have been used to investigate examples of biased agonists at
other therapeutically relevant GPCRs. A list of some examples where biased agonists
have displayed improved in vivo efficacy or reduced adverse effects include G protein-
biased k-opioid receptor (KOR) agonists for treatment of analgesia49s, G protein-
biased d-opioid receptor (DOR) agonists for the treatment of chronic painags, G protein-
biased serotonin type 2B (5-HTz2g) receptor agonists for the treatment of obesitya97, G
protein-biased 5-HT1A agonists for anxiety and depressionses, [B-arrestin-biased
angiotensin Il receptor type 1 (ATIIR) agonists for the treatment of hypertensionaoo, [3-
arrestin-biased CXCR3 agonists to increase the inflammatory responsesoo and G
protein-biased M2 muscarinic receptor (M2R) for the treatment of painso1. Therefore,
the potential benefits that biased signalling can offer has been demonstrated for a
number of therapeutically relevant target receptors. Nevertheless, it should be
emphasised that rational biased ligand design requires an understanding of the
contribution of each individual signalling pathway to the overall physiology of a given

receptor.

The application of biased to the GLP-1R has been explored, initially by comparing
signalling profiles of endogenous GLP-1R ligands. Firstly, OXM was initially shown to
differentially activate the cAMP and B-arrestin pathways at the GLP-1R compared to
GLP-1, the first suggestion of endogenous bias at the receptors22. Later, both OXM
and the GLP-1R agonist Ex4 were shown to selectively activate $-arrestin recruitment
compared to GLP-1, whilst OXM more readily activates ERK1/2 phosphorylation
compared to both GLP-1 and Ex42s4279. The increased B-arrestin and ERK1/2
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coupling of OXM links to its ability to induce greater cytosolic ERK1/2 phosphorylation
than GLP-1279. This further suggests OXM may engender different intracellular
responses to GLP-1R activation than GLP-1.

Biased GLP-1R agonists have also been developed by incorporating amino acid
substitutions into a parent agonist sequence such as Ex4. Such sequence
modifications lead to altered interactions between the ligand and the transmembrane
and extracellular portions of the receptor, both of which modulate signal bias2s4,279.
The first published example of a synthetically-designed biased GLP-1R agonist was
“P57s02. P5 is based on Ex4, but had the first 8 amino acids exchanged for a separate
sequence of 7 amino acids, producing a peptide which displays comparable cAMP
accumulation to Ex4, but with diminished B-arrestin recruitmentso2. It has since been
shown that this change in signal bias is the result of differences in orientation of the
extracellular loop 3 and interactions in the transmembrane region of the receptorsos.
P5 was shown to be more effective in preclinical in vivo models of diabetes, leading to
better improvements in glycaemia than Ex4 at the same dose, highlighting its
therapeutic utilityso2. P5 appeared to be less insulinotropic than Ex4, however the

mechanism behind this finding was not confirmed.

Modification of N-terminal ligand amino acids of Ex4 also resulted in the development
of another G protein-biased GLP-1R agonist, exendin-Phe1 (Ex-phe1), in which the
first amino acid of Ex4, histidine (His), was substituted for phenylalanine (Phe)276. The
resulting peptide showed reduced potency at the GLP-1R for cAMP accumulation but
near complete abolishment of B-arrestin recruitment. Associated with the lack of f3-
arrestin recruitment, GLP-1R internalisation was also reduced, and recycling rate
increased, compared to Ex4 treatment, resulting in greater in vitro insulin secretion
from rat and mouse B cell linesz7e. In vivo, Ex-phe1 was equipotent to Ex4 for acute
glucoregulatory abilities in mice (assessed by IPGTT), however after 4- and 8-hours,
the glucoregulatory effect of Ex-phe1 far outweighed that of Ex4, whilst also reducing
the degree of nausea assessed in a behavioural study. Here, Ex-phe1 caused greater
insulin secretion (unlike P5). This also translated into greater glucoregulatory abilities
in a chronic study, and improved resolution of hepatic steatosis, further highlighting
the potential for biased GLP-1R agonists for improving GLP-1R therapies. N-terminal

amino acid modifications are also a feature of a recently described acylated G protein-
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biased agonist, which showed similar improvements in chronic glucose tolerance
versus semaglutide and, interestingly, greater weight lossso4. Altering the amino acids
in GLP-1 from the canonical a-form to the 3 form similarly results in a B-arrestin biased

GLP-1R agonist, through altered extracellular interactions with the receptorsos.

Recently, a previously discovered small-molecule agonist at the GLP-1R (TT-OAD2)
was discovered to be cAMP-biased compared to GLP-1s06. Discovery of small
molecule ligands at the GLP-1R is in its infancy, due to the difficulty of overcoming the
“two-state” activation model which dictates that both the orthosteric, transmembrane
binding pocket and allosteric extracellular domain must be bound before the receptor
is activatedso7s0s. It is now appreciated that GLP-1R activation is more complex than
this, with intrinsic signal bias, spatiotemporal signalling and heterodimerisation affect
GLP-1R activation and signallingsee. However, small molecules may be able to
activate the GLP-1 in a non-orthosteric function to elicit biass10. Regardless, TT-OAD2
binds uniquely within the transmembrane domain to elicit cAMP-biased signalling,

expanding the inventory of ligands available to selectively activate the GLP-1Rso0s.

In addition to the ability of orthosteric ligands to confer unique receptor conformations
which induce selective signalling of intracellular pathways at the GLP-1R, it has also
been shown that positive allosteric modulators (PAMs) can affect signalling at the
GLP-1R. For example, Koole et al. showed that the Novo Nordisk compound
“‘compound 2” selectively enhanced OXM-mediated cAMP signalling, with negligible
effects with GLP-1(7-36NH2) or Ex4s11. In the same study a second PAM, quercetin,
selectively enhanced GLP-1(7-36NH2) and Ex4-mediated Ca2+ signalling with little
effect on OXM signalling. Similarly, frans-isomer derivatives of the GLP-1R PAM 4-(3-
(benzyloxy)phenyl)-2-(ethylsulfinyl)-6-(trifluoro-methyl)pyramidine (BETP) enhanced
cAMP signalling at the GLP-1R in response to GLP-1(9-36NH2) and GLP-1(7-36NH2)
without significant effects on B-arrestin recruitmentsi2. Therefore, it is evident that

signal bias can be controlled by both orthosteric ligands and allosteric modulators.

There are currently no studies which explicitly investigate the therapeutic potential of
biased signalling at the GCGR. This is striking as activation of the glucagon receptor
is associated with energy expenditure and weight loss227,228,382 and contributes to

insulin secretion12,391,513, yet has the disadvantageous effect (from the point of view of
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a candidate for diabetes treatment) of augmenting gluconeogenesissss. Therefore,
deeper understanding and delineation of the pathways associated with GCGR
signalling could yield agonists which engage in pathways which activate energy
expenditure and/or insulin secretion, whilst limiting hepatic gluconeogenesis, thereby
producing a safer way to achieve the beneficial effects of GCGR agonism in T2DM.
Gaq and B-arrestins functionally bind to the GCGR to induce desensitisation and
receptor internalisationzss 403, and Gaq may also be implicated in gluconeogenesis and
ureagenesiss9. Intelligent design would therefore minimise Gagq signalling to reduce
amino acid flux and hyperglycaemia, and by bypassing B-arrestin recruitment there
could be a prolongation of signalling which would increase energy expenditure and
insulin secretion. Whilst prolonged signalling could increase hyperglycaemia through
Gas-mediated pathways, concomitant insulinotropic GLP-1R activation would
counteract this. Similarly, allosteric modulation of GCGR activity by endogenous
proteins such as receptor activity modifying protein 2 (RAMP2), has been described,
raising the possibility that synthetic PAMs could be used to selectively modulate
GCGR signalling, as has been achieved for the GLP-1R using “compound 27,

quercetin and trans-BETPs11,512.

Finally, an example of a biased dual GLP-1R/GIPR agonist, P18, has recently been
described by Al-Zamel et als14. P18, a peptide first developed by Finan et al. in 20134ss,
was equipotent to GLP-1 at the GLP-1R for cAMP and more potent than GIP at the
GIPR. However, P18 displayed reduced efficacy for B-arrestin 2 recruitment than GLP-
1 at its receptor, whereas the [3-arrestin recruitment response was not measured at
the GIPR. This provides the first-in-class biased dual incretin agonist, however much
greater work needs to be performed before understanding how this bias affects the
agonist physiology. One would predict, however, that it would increase insulin
secretion and improve glycaemic control, as Gas-biased GLP-1R mono-agonists are
superior to their unbiased comparators27ss02504 and this likely translates when
additional receptor activation is added. It becomes increasingly more complex to
conceive the idea of biased dual agonists, as there are two receptors, for which the
relative potency of the ligand to either receptor can be different, as well as multiple
intracellular pathways. However, by utilising previous knowledge produced on

receptor signalling and previously published biased agonists, more accurate
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predictions can be made when designing and testing biased dual agonists in vitro, and

how that could translate to improved therapeutic value in vivo.

1.6 Conclusion & Aims

T2DM is a serious threat to global health and is closely associated to obesity (termed
“diabesity”) and modern lifestyles. Current pharmacotherapies are not sufficient at
reducing both the hyperglycaemia and excessive weight associated with diabesity.
Therefore, improvements in this field are vital to public health and the global health
economy. Drugs mimicking the actions of OXM show clear improvements in
therapeutic potential compared to GLP-1R agonists alone, resulting in a greater weight
loss through GCGR signalling and improved anti-hyperglycaemic profile via GLP-1R
mechanisms. However, like GLP-1R agonists, dual GLP-1R/GCGR agonists are not
without their limitations, namely that they induce nausea amongst other side effects
which limits tolerability. Therefore, doses administered are sub-optimal, meaning there
is still scope to improve dual agonist therapies. G protein-biased GLP-1R have shown
improved tolerability as well as an improvement in chronic anti-hyperglycaemia by
reducing receptor internalisation. Therefore, it is possible that similar mechanisms
could be applied to dual GLP-1R/GCGR agonists. This has not yet been investigated,
however the integration of G protein bias into dual GLP-1R/GCGR agonists may allow
for a more tolerable and efficacious anti-diabetes and anti-obesity drug. The potential
impact of this study is great and could expand the exciting potential that biased

signalling now allows for drugs targeting GPCRs.

Therefore, the aims of this project are:
1) Identify examples of dual GLP-1R/GCGR agonists which display signalling
bias toward G protein/cAMP at either the GLP-1R or GCGR.
2) Investigate how G protein bias with dual agonists affects chronic signalling
in vitro.
3) Examine the effects of G protein-bias in vivo using lean and diet-induced
obese (DIO) mice to investigate the therapeutic potential of G protein-biased

dual agonists.
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2 Methods

2.1 Peptides
GLP-1(7-36)NH2 and GCG were obtained from Bachem (Switzerland). Custom
peptides were synthesised by Insight Biotechnology (UK) and WuXi AppTec Biologics

(China). Sequences are shown in the Appendix.

2.2. Animals

All animals used were housed in a 12-hour light/dark cycle room. Wild-type male
C57BL/6 mice were provided by Envigo (3 months — 1 year old) and were fed on either
a standard chow diet (RM1(E), Special Diets Services, UK) or 60% high-fat diet (HFD)
chow (D12492, Research Diets Inc., UK) as stated in the text, with water available ad
libitum. Transgenic mice were provided by the collaborators as listed. Rats were
provided by Charles River (250-500g) and were fed on standard RM1(E) chow diet
with water provided ad libitum. Mice were housed either individually or grouped house
as 4 per cage. Rats were individually caged for all experiments. For all grouped
studies, animals were randomly allocated into weight-matched groups. Peptide
administration sequence was also randomised to prevent treatment sequence effect.
All procedures were carried out in accordance with the Animal (Scientific Procedures)
Act 1986.

>3 Mai T c M T

Transgenic mice were generated to confirm the role of GCGR signalling in biased dual
GLP-1R/GCGR agonist pharmacology. Dr Victoria Salem (Imperial College London)
kindly provided C57BL/6J mice containing LoxP sites flanking the Gcgr gene (Gcegram).
Gcgram mice were crossed with C57BL/6J mice containing Cre-recombinase under the
control of the Albumin promoter (Alb-cre) to create hepatocyte-specific Gcgr
knockdown mice (Alb-cre:Gegrim or Gegrnep-~-), or Cre-recombinase under the control
of the 3 actin promoter fused to a modified oestrogen receptor sequence (Actb-cre-ERT2)
to create a tamoxifen-inducible global Gcgr knockdown line (Actb-cre-ErT2:GCgrivi or
Gcegr-~) (both Cre lines kindly provided by Prof David Carling, Imperial College

London). To induce global knockout with tamoxifen, mice were orally gavaged with
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100mg/kg tamoxifen in corn oil (Thermo Fisher, USA) for 5 consecutive days followed

by a 7-day recovery period.

o4 T, c Strain G .
Genotyping was performed with a tissue sample acquired from each individual animal
using the KAPA2G Fast HotStart Genotyping system (KAPA Biosystems, USA). Here,
DNA was extracted from the tissue using the KAPA Extraction enzyme system using

the following protocol:

Duration | Temperature
10min 75°C
5min 90°C

The extracted DNA was maintained in 10mM Tris HCI buffer (pH 8.5) at -20°C.

Appearance of Gegrim and Alb-cre or Actb-cre-ErT2 Were identified using the polymerase

chain reaction (PCR), with the following primers (Sigma, USA):

Gcegr forward — 5’- GGGCCAGCTCTGATTGTGT -3’
Gcegrreverse — 5’- GAAGGGCCATGGTAGGACA -3’
Cre forward — 5- CGTACTGACGGTGGGAGAAT-3’
Cre reverse — 5- CCCGGCAAAACAGGTAGTTA-3’

Here, the Cre primers were based on a generic Cre primer sequence. Primer
sequences were kindly provided by Dr Phillip Muckett and Mr Yateen Patel (Imperial

College London).

PCR amplification was performed using the following protocol (35 cycles):

Duration | Temperature

3min 95°C

15sec 95°C

15sec 60°C 35 cycles
15sec 72°C

1min 72°C
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The corresponding PCR product was run on a 2% agarose gel with 0.01% (v/v)
ethidium bromide, and imaged using the Syngene G:BOX Chemi XRQ gel doc system

(UK) with the GeneSys image acquisition software (version 1.0.1).

2.5 Cell Culture

Cell lines used were: PathHuntere Chinese hamster ovary (CHO)-K1 human (h)GLP-
1R-B-arrestin-2, CHO-K1-hGCGR-B-arrestin-1 and -B-arrestin-2 (DiscoverX, USA),
Huh7 hepatoma cells stably expressing GCGR, INS1-832/3 rat 3 cell-like cell line and
Human Embryonic Kidney-293 cells optimised for transfection (HEK293T) cells. Cells
were maintained at 37°C perfused with 95%:5% ratio CO2. PathHuntere CHO-K1 cells
were maintained in Ham’s F-12 Nutrient Mixture (Gibco, USA) supplemented with
1mM L-glutamine, 10% foetal bovine serum (FBS) (Thermo Fisher, USA), 5mg/l
penicillin/streptomycin (Sigma, USA), 1mg/l G418 and 0.4mg/I hygromycin. Huh7 cells
were grown in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, USA) containing
10% FBS, 1% penicillin/streptomycin and 1mg/l G418. INS-1 832/3 mouse [ cell lines
were a kind gift from Prof Christopher Newgard, Duke University) and Dr David
Hornigold (Medimmune, UK) and were maintained in Rosa Park Memorial Institute
(RPMI)-1640 media (Sigma, USA) containing 11mM glucose, 10mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 2mM glutamine, 1mM
sodium pyruvate, 50uM B-mercaptoethanol, 10% FBS and 1% penicillin/streptomycin.
HEK293T cells were maintained in DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin, and transfected in serum-free media without antibiotics

present.

2.6 Cyclic AMP Assay

cAMP accumulation was measured in stimulated PathHuntere CHO-K1 cells, Huh7
cells over-expressing hGCGR, HEK293T cells transiently transfected with either
SNAP-tagged GLP-1R or GCGR, or INS-1 832/3 cells. Analysis of cAMP was
confirmed using homogenous time resolved fluorescence (HTRF), specifically the
cAMP Gs Dynamic 2 cAMP kit (Cisbio, France). A number of variations on the protocol
were used. In all assays, cells were plated with 10,000 cells per well of a 96-well plate.
CHO-K1 cells were assayed in suspension, and therefore treated immediately with

peptide. Huh7 and INS-1 832/3 cells were plated at approximately 5,000 cells per well
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the night before the assay and treated with peptide the following day. HEK293T cells
were plated at approximately 50% confluency in a 12 well plate and transfected
overnight the following day with 1ug receptor in Lipofectamine 2000. Transfected cells
were lifted and assayed the day after in a separate white 96-well plate. Plated cells
were incubated with the respective peptide for either 30 minutes (acute incubation), 8
hours or 16 hours (chronic incubation, as per figure legend) at 37°C. Levels of cAMP
were analysed as per manufacturer’s instructions. Results were expressed relative
either to the endogenous ligand (i.e. glucagon for the GCGR cells), to the parent
compound or to 10uM forskolin (as indicated in the respective figure legend). No
phosphodiesterase inhibitor was used, except for transfected HEK293T cells and INS-
1 832/3 cells, in which 500uM 3-isobutyl-1-methylxanthine (IBMX) was added for the
final 15 minutes of the stimulation period before lysis. Fluorescence was measured
using the Spectramax® i3x Multi-Mode Detection Platform and read using SoftMax

Pro version 6.5.1 (both Molecular Devices, USA).

B-arrestin recruitment was determined in PathHuntere CHO-K1 hGLP-1R and hGCGR
BArr2 cells using the PathHuntere assay kit (DiscoverX). Here, cells were plated at
10,00 cells per well and immediately stimulated with peptide for 30 minutes at 37°C.
Detection reagent was made up and applied as per manufacturer’s instructions.
Results were expressed relative either to the endogenous ligand or the parent
compound (as indicated in the respective figure legend). Samples were read as for
cAMP assays.

8 R ! isation M bv Wide Eield Mi
Approximately 500,000 HEK293T cells were plated onto 13mm circular glass

coverslips (Agar Scientific, UK) in a 24-well plate, and were then transfected with
SNAP-hGLP-1R or SNAP-hGCGR using Lipofectamine 2000 transfection reagent
(Sigma, USA). The next day, cells were labelled using 500nM SNAP-Surface-549
(New England Biolabs) in complete DMEM for 30 minutes at 37°C to label the receptor
before washing, followed by treatment with 1uM peptide in serum free DMEM + 0.1%
BSA for 30 minutes or 4 hours. Cells were then fixed with 4% PFA and mounted in

Diamond Prolong mounting medium with 4’,6-diamidino-2-phenylindole (DAPI)
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(Invitrogen, USA). Slides were analysed using a widefield fluorescence microscope
(Nikon Eclipse Ti2) controlled by pManager. Cells were selected at random from
across the slide as representative of the population and three to four images taken per
slide using the TRITC and FITC filter sets. Images obtained were analysed and

manipulated using Fijis1s on ImagedJ (version 1.52, USA)s1s.

2.9 Ga & BArr2 NanoBit Recruitment Assay

The complimentary NanoBit luciferase was formed on two subunits: the small subunit
(SmBIt; to be attached to the receptor) and large subunit (LgBit; attached to the signal
transducer). The plasmid for MiniGs (a kind gift from Prof Nevin Lambert, Medical
School of Georgias17) as well as the plasmid containing B-arrestin-2 (Promega plasmid
# CS1603B118s18) all contained the LgBit on the N-terminal on arrival. The plasmids
FLAG GLP-1R-Tango and FLAG GCGR-Tango were kindly provided by Dr Bryan Roth
(Addgene #66295)s510.

Firstly, the SmBit oligomer (Sigma, USA) was annealed using the following method:

SmBit sequence:
5’- gtgaccggctaccggctgticgaggagattctgtaa - 3’

3’ — cactggccgatggccgacaagctcctctaagacatt - 5°

e 10uM of each oligomer
e 5ul annealing buffer (100mM Tris, 10mM EDTA, 500mM NaCl in MilliQ water)

e Up to 50pl total reaction volume with RNAse-free water

Duration Temperature
4min 95°C
10min 70°C

overnight | 25°C

The TANGO cassette was excised and replaced with the SmBit oligonucleotide in the
FLAG-GLP-1R-TANGO and FLAG-GCGR-TANGO plasmids using Agel-HF and Xbal
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restriction enzymes, and the SmBit ligated into the plasmid at a 10:1 molar ratio using
T4 DNA ligase (1:10 volume ratio; Promega, USA) at 4°C overnight. Successfully
ligated plasmid was isolated using gel electrophoresis with a 1% agarose gel
containing 1:50,000 SYBR Safe DNA Gel stain (Thermo Fisher, USA) and extracted
using the DNA Gel Extraction kit (New England Biolabs, USA).

HEK293T cells were plated the day before transfection to reach ~70% confluency on
the day of transfection. Cells were consequently transfected for 24 hours in
Lipofectamine 2000 with 0.5ug of the GLP-1R-SmBit or GCGR-SmBit plasmid along
with 0.5ug of either MiniG-LgBit or B-arrestin-2-LgBit. Cells were resuspended in
Nano-Glo dilution buffer with fumarizine (Promega, USA) and seeded in 96-well
plates. Basal luminescence was measured for 5 minutes using the FlexStation 3 plate
reader (Molecular Devices, USA) at 37°C before addition of peptide or vehicle (0.9%
NaCl saline). Luminescent signal was subsequently monitored for 30 minutes, with
responses normalised to the average baseline luminescence. Data was analysed

using area under the curve (AUC) analysis.

2.10 Quantitative PCR (qPCR)

Sections of liver and kidney were taken from Gcgr-~, Gegrnep-~ and littermate control
mice for confirmation of knockdown. Samples were extracted from culled animals,
flash frozen in liquid nitrogen and stored at -80°C. Frozen samples (~10mm3) of each
tissue were homogenised using the TissueLyser Il (Qiagen, Germany) and RNA
extracted using a modified version of the PureLink™ RNA Mini Kit (Thermo Fisher,
USA). Here, in between washing steps, extracted RNA was incubated for 15 minutes

with DNAse (Thermo Fisher, USA) to degrade any remaining DNA in the system.

500ng of extracted RNA was used to synthesise cDNA using the High Capacity cDNA
Reverse Transcription Kit (Thermo Fisher, USA), following manufacturer’'s

instructions.
GCGR expression was quantified in the corresponding cDNA using TagMan Gene

Expression Mastermix (Thermo Fisher, USA) with a validated TagMan GCGR probe
(MmO01248725_g1, Thermo Fisher, USA) which targets exon 7 to 8 of the Gcgr, and

Philip Pickford 63



Biased Signalling of Dual GLP-1R/GCGR Agonists

cyclophilin a (Mm00510343_m1) as the housekeeping gene. Data is presented as a

percentage knockdown relative to the littermate control Gcgr expression.

2.11 Acute Intraperitoneal Glucose Tolerance Test

Lean or HFD mice were fasted for at least 4 hours before commencing the glucose
tolerance test, depending on the peptide treatment length. Mice were injected into the
intraperitoneal (i.p.) cavity with peptide (dose described in figure legend) or vehicle
either 8-hours before, 4-hours before or at the same as the glucose challenge (acute).
Glucose was dosed at 2g/kg body weight. Blood glucose levels were measured before
glucose challenge, then at the times as indicated in the figure using the GlucoRx®

Nexus glucose meter (GlucoRx, UK).

512 | . T in Tol T,
Lean mice were fasted for 2 hours before i.p. injection of 10nmol/kg SRB103GlIn,
SRB103His or vehicle. 4 hours later, baseline blood glucose was taken before insulin
(Sigma, USA) (0.5U/kg — 1U/kg) was injected i.p. and blood glucose measured 20, 40
and 60 minutes after insulin injection using the GlucoRx® Nexus glucose meter
(GlucoRx, UK).

> 13 In vivo | in A
Lean C57BL/6 mice were fasted for 4 hours before i.p. injection of peptide (10nmol/kg)
or vehicle. Plasma insulin and glucose levels were subsequently measured 30
minutes, 4 hours and 8 hours post peptide injection. Here, venesections were
performed both before and 10 minutes after a 2g/kg i.p. glucose injection to measure
the insulin response. Insulin was measured by isolating plasma by centrifuging at
10,000 g for 8 minutes at 4°C using the Sigma 3-16KL refrigerated centrifuge (Sigma,

USA) and read using the Cisbio Insulin mouse serum assay kit (Cisbio, France).

2.14 Acute Feeding Study
Individually caged C57BL/6 mice (both lean and DIO) were fasted 16 hours before the
start of the study. On the day of the study, mice were i.p. injected with vehicle or

peptide (10nmol/kg). Thirty minutes after injection, food was reintroduced to the mice
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and food weight measured 1 hour, 2 hours, 4 hours and 8 hours post injection. Food

intake was calculated relative to the weight of food reintroduced to each animal.

2.15 Chronic Feeding Study

SRB103 peptides were made up in zinc chloride (ZnCl2) solution, made up in water
for injection (WFI), to a molar ratio of 1.2:1 (ZnCl2:peptide) and liraglutide was made
up in WFI. DIO mice (approximately 7-9 months, mean weight 43-469) received daily
subcutaneous (s.c.) injections of the treatments (n=9-10) mentioned. For the low-dose
study, the following dose-titration occurred: day 1-3: 10nmol/kg, day 4-6: 16.7nmol/kg,
day 7-15: 20nmol/kg. For the high-dose study, the following dose titration occurred:
day 1-3: 16nmol/kg, day 4-6: 32nmol/kg, day 7-21: 50nmol/kg. Body weight and food

intake was measured periodically, with food and water available ad libitum.

> 16 Cf c | . Gl Tol T,
On the day of the study, mice were fasted in the morning an hour before s.c. injection
as stated. 8 hours later, baseline blood glucose was measured before glucose (2g/kg)
was injected i.p. and subsequently 20, 40, 60 and 90 minutes after glucose injection

(as stated in the figure) using the GlucoRx® Nexus glucose meter (GlucoRx, UK).

.17 Body C tion Analysi

Body composition was assessed in live DIO mice on day 0, day 13 (the day before the
IPGTT) and day 21 (end of study) of the high-dose chronic study and day 0 and day
16 (day after IPGTT and end of study) of the low dose chronic study using magnetic
resonance imaging (EchoMRI-100, Echo Medical System, USA). Fat mass, lean
mass, free water and total water were measured and expressed as a percentage

relative to day O results.

2.18 DPP-1V Degradation Study

10mM of SRB103GIn, SRB103His or GLP-1 was dissolved in buffer (100mM Tris-HCI,
pH8), and treated with either 7uM mouse recombinant DPP-IV (R&D Systems, USA)
or vehicle (n=3). Immediately, 1 hour after or 24 hours after DPP-IV treatment, the

reaction was terminated by adding TFA to a final concentration of 0.1% and the
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peptide sample read using the 1200 Series high performance liquid chromatography
(HPLC) machine (Agilent, USA) with the Aeris Peptide 3.6um XB-C18 column
(Phenomenex, USA). Degradation was measured as the percentage degradation from

the Oh sample.

2.19 Pharmacokinetic Study

Ad libitum fed DIO mice were administered 0.5mg/kg peptide via i.p. injection. 4 hours
after injection, blood was acquired by venesection into lithium heparin-coated
microvette tubes (Sarstedt, Germany). Plasma was separated by centrifugation at
10,000 g for 8 minutes at 4°C. Plasma concentrations were assessed by
radioimmunoassay using an in-house designed radiolabelled antibody selective for
peptides within the provided peptide library.

> 20 Bias Q Ficat

Signalling bias was calculated using three methods. Firstly, a modified version of the
operational model of pharmacological agonism was used47s. Concentration response
data were fit to the equation below to derive the transduction ratio (1/Ka) for all agonists

for either cAMP production or B-arrestin recruitment:

(Emax — basal)(KL A"
A

Response = basal + AT
[Al G + (4 )
Where:

basal — baseline response of the assay

Emax — maximum response of the assay

T — efficacy of agonist to the pathway

Ka — affinity of the agonist to the pathway

A — agonist concentration (M)

n — “transducer slope” linking agonist concentration to its response
Secondly, the relative activity scale (Alog(Emax/ECs0) was used. Both Emax and ECso

were calculated from the 4-parameter fit curves for cAMP production and B-arrestin-2

recruitment on an assay-by-assay basis.
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In all cases, baseline and Emax were constrained to fit globally, as they are assay
specific parameters. Bias for SRB103GIn3 at either pathway was calculated by
normalising log(1/Ka) or log(ECs0/Emax) for the agonist in question to the reference
cognate ligand (either glucagon or GLP-1) to create a Alog(1/Ka) or Alog(ECs0/Emax)
value. Bias between the two pathways for the agonists was calculated by subtracting
the Alog(1/Ka) or Alog(ECso/Emax) value generated for B-arrestin-2 recruitment from
that generated for cAMP recruitment. This is example for the modified operational

model at the GLP-1R is shown below:
Pathway-specific bias:
GLP-1R B-arrestin-2: Alog(1/Ka)ip-arrestin-2] = Alog(T/KA)agonist] - Alog(T/KA)[GLP-1]

GLP-1R cAMP: Alog(1/Ka)icamp) = Alog(1/Ka)agonist] - Alog(T/KA)iGLP-1]

Bias between pathways at the GLP-1R:
AAlog(1/Ka)agonist = Alog(1/Ka)icampy - Alog(1/Ka)ig-arrestin-2]

This structure also applies for the relative activity scale.
The “competitive analysis” model was used to better define the transduction ratio (1/Ka)
in cases of very partial agonists, where the modified operational model was not

sufficients7e. Here, data was fitted to the following equation:

(Emax — basal)

Response = basal +
14+ 1O(A+L09Kreference) + 1O(X+L09KTest) n

1+( 10(A+LogR) 4 1()(X+LogR+LogRA)

Where:
basal — baseline response of the assay
Emax — maximum response of the assay
A — log concentration of the reference agonist (M)
LogK — log affinity constant
X —log concentration of the test agonist (M)
LogR — log transduction coefficient (1/Ka)

LogRA — the difference in LogR between the test and reference compound
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» 21 Statistical Analysi

All data were analysed using GraphPad Prism version 7.00 or 8.00 (GraphPad
Software, USA). For all dose-response curves, data was fitted with a 4-parameter
curve, apart from biased analysis using the modified operational model and
‘competitive analysis”, where curves were fitted to the appropriate equation (see
section 2.20). Student’s t-test was used for the analysis of bias to analysis statistical
difference between two treatments, one-way ANOVA with Tukey post hoc test was
used to determine statistically significant differences between three or more
treatments, two-way ANOVA with Tukey post hoc test to compared time and
treatment, and three-way ANOVA with Tukey post hoc test to compared time,
treatment and genotype for all treatment groups. All data presented is expressed as
mean * standard error of mean (SEM) unless stated otherwise, with individual values

displayed where appropriate.
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3 In vitro identification of biased dual GLP-1R/GCGR

agonists
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3.1 Introduction

The discovery and application of signalling bias with GLP-1RAs has been identified as
a promising therapeutic approach to improve their use for treating obesity and
diabetes276,502,504,520. In this chapter established and novel techniques are applied to
identify and pharmacologically evaluate biased signalling of dual GLP-1R/GCGR

agonists, a promising emerging treatment for metabolic disorders.

311 Bi | GLP-1R st
A number of biased GLP-1R agonists have been described which show distinct
patterns of intracellular signalling, with variable coupling to different pathways,
including cAMP, ERK1/2 phosphorylation and Caz2+ accumulation. As the N-terminus
of GLP-1 has been shown to be critical in the activation of GLP-1Rs21-524, Jones et al.
developed a panel of Ex4-derived GLP-1R agonists with N-terminal substitutions
which showed signalling bias toward cAMP signalling or 3-arrestin recruitment2zs. For
example, the cAMP-biased Ex4 peptide, Ex-phe1, showed reduced receptor
dissociation kinetics and lower potency for acute cAMP production than Ex4, but
produced greater insulin secretion upon chronic stimulation due to markedly reduced
B-arrestin-mediated receptor internalisation. Conversely, a B-arrestin-biased Ex4
analogue, Ex-asp3, showed a rapid loss of GLP-1R signalling upon chronic stimulation
due to increased receptor internalisation. Functionally, Ex-phe1 showed greater anti-
hyperglycaemic performance during an intraperitoneal glucose tolerance test (IPGTT)
over longer treatment periods compared to Ex4, despite identical pharmacokinetics.
However, there were no changes to food intake and an improvement of pica, a rodent

model of nausea, suggesting a greater drug tolerability to Ex-phe1 compared to Ex4.

Exendin-P5 (P5) is another example of a modified Ex4-based peptide showing
distinctive intracellular signalling patternsso2. P5 showed potency for cAMP production
similar to that of GLP-1, however slightly less than Ex4. P5 also showed three-fold
greater Gag-mediated Ca2+ mobilisation than did Ex4, yet reduced efficacy and
potency for both B-arrestin-1 and -2 recruitment. This resulted in reduced receptor
desensitisation and improved anti-hyperglycaemia chronically compared to Ex4 in
diabetic ob/ob mice (discussed in section 4.1.2). This was also accompanied by

improvements in metabolic profile. Recently, this group developed an acylated G-
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protein biased GLP-1R agonist based on the structure of Ex4, in a similar method used
to generate P5s04. Here, “P17” showed improved glucoregulatory effects, both acutely
and chronically, as well as improved hepatic steatosis and decreased weight gain and

food intake compared to semaglutide.

Another “biased” GLP-1R agonist recently published was by Zhong et al., where they
describe an extracellular domain-biased agonists2o. Here, a 12 amino acid peptide
displaying high affinity to the extracellular domain was attached to Ex4, called PEP20.
PEP20 showed an improved acute anti-hyperglycaemic effect than liraglutide in DIO
mice, however in chronic studies PEP20 displayed similar effects to liraglutide for
reducing body weight and food intake, but surprisingly, a slightly worse glucose
tolerance than liraglutide. PEP20 was also not tested for its affinity to the orthosteric
binding site, therefore it is unknown whether it truly is “biased” toward the extracellular
domain. However, it provides another method of designing biased ligands through
targeting a particular binding site as opposed to recruitment of a particular signal

transducer.

Substitution of a-amino acids to B-amino acids at selected site on the GLP-1 peptide
also results in GLP-1R agonists with varying degrees of signalling bias, from cAMP-
selective to B-arrestin-selectivesos 525. The functional effect of this is yet to be described

but allows for further insight into B-arrestin-mediated biology at the GLP-1R.

312 T} onale for biased GCGR . volic di

Glucagon receptor activation is linked to a number of metabolic effects. Traditionally,
it was associated with anti-hypoglycaemia through activation of hepatic glycogenolysis
and gluconeogenesis to increase glucose output2. In cases of hypoglycaemia, such
as insulin overdose, insulinomas and non-insulinoma pancreatogenic hypoglycaemia
syndrome (NIPHS), glucagon can be used therapeutically to increase circulating
glucose levels s526-528. For GCGR-based therapies to be used to treat type 2 diabetes,
this hyperglycaemic effect is clearly detrimental as this would exacerbate the chronic

hyperglycaemia already present in type 2 diabetes.
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Glucagon is also implicated in amino acid catabolism, in an indirect manner. As a
driver of gluconeogenesis where glucose is synthesised from non-carbohydrate
sources such as amino acids, administration of glucagon results in
hypoaminoacidaemia and enhanced protein catabolisma3ss-360,529,530. In glucagonomas,
which result in chronic elevation of glucagon, one of the hallmark signs is a reduction
in lean muscle massss1. As skeletal muscle is an intrinsic tissue for storing excess
circulating glucosess1 532, it again stands that this physiological side effect of glucagon
administration makes it unattractive as a therapeutic strategy for patients with type 2

diabetes.

Whilst current therapeutic uses of glucagon are centred around correction of
hypoglycaemia, mounting evidence suggests its potential expands beyond this.
Glucagon increases energy expenditure and induce weight loss in rodentssso 533,534,
dogssss, pigssse and humans22s3s1,537. The pathways associated with glucagon-
induced energy expenditure remain undefined and controversial, and numerous
theories have been put forward BAT thermogenesisass,ass, amino acid catabolismsas,sag
and centrally mediated energy expendituresssss0. With further clarification on the
molecular mechanisms involved in GCGR-mediated energy expenditure, it would be
interesting to see how bias can be utilised to harness the energy expenditure abilities
of glucagon without the side effects of chronic GCGR stimulation such as amino acid

catabolism.

The understanding of GCGR pharmacology is also increasing, which will improve the
design of GCGR-based therapies. Like GLP-1R, GCGR internalisation is mediated by
B-arrestin recruitment, however, in hepatocytes B-arrestin-2 appears to be the isoform
responsible for GCGR internalisationzs3. Mice lacking hepatic-specific B-arrestin-2 but
not B-arrestin1 showed reduced acute glucose tolerance and pyruvate tolerance, a
result of enhanced GCGR signalling. B-arrestin-1 knockout mice were metabolically
normal, suggesting divergent effects of the B-arrestins in the liver. Kim et al. described
recently how mice co-treated with insulin and a GCGR agonist paradoxically showed
decreased endogenous glucose production and improved insulin sensitivity, as
evidenced by increased glucose infusion rates in hyperinsulinaemic clamp studies and
increased insulin receptor phosphorylationzss. As GCGR is present on the pancreatic

B cells41, and glucagon acts as an agonist at the GCGR and GLP-1R on the B cell12,513,
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it is suggested that glucagon plays an important role in regulating insulin secretion

which can be harnessed with the dual agonists.

As a treatment for obese diabetics, physiological effects of energy expenditure and
increased insulin sensitivity should be exploited to improve weight loss and diabetic
management. However, glucagon-based therapies are hampered by glucagon-
induced hyperglycaemia and amino acid catabolism. Expanding our understanding of
how the GCGR signals to initiate all of its effects will hopefully lead to the design of
agonists which can exploit the positive metabolic effects of GCGR agonists and
mitigate major hyperglycaemia and muscle wastage which hamper its use as a
metabolic therapy target. Evaluating the effects of glucagon described in this section,
it can be hypothesised that a glucagon receptor agonist with low acute receptor
potency, hence producing a reduced acute hyperglycaemic response, but prolonged
signalling abilities, such that insulin sensitivity and energy expenditure are maintained

and enhanced may provide a therapeutically viable GCGR agonist.

313 M : - . . . G .
recruitment

Whilst other pathways have been shown to be involved in GLP-1R-mediated insulin
releasessz,543, it is generally accepted that the Gas-AC-cAMP pathway is the most
critical step and likely regulates some of the other described pathways such as Caz+
mobilisation and ERK1/2 phosphorylationss2,544. Much less is known of the biology of
GCGR; however, currently it is agreed that cAMP is associated with the canonical
effects of glucagon including glucose, lipid and amino acid regulationse7,545-547.
Measuring activation of the Gas-AC-cAMP signalling pathway is therefore a good

measure in both receptors to measure efficacy of the drug.

There are a great variety of ways to explore this pathway. Firstly, the dissociation of
Ga from the G protein heterotrimer, a measure of G protein activation, can be
measured. One of the first ways developed to measure this was the [35S]GTPyS
binding assay. This uses a labelled, non-hydrolysable form of ATP, [35S]GTPyS, to
measure the recruitment of GTP to the Ga subunit, and thus initiation of the

heterotrimer dissociations4s. Whilst this assay is relatively simple to set up and
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produces good detectable responses, this approach uses the radiolabel [35S] so
studies must be terminal, and responses to Gas are noticeably lower than for Gaisa.
Non-radioactive, europium-labelled GTPyS is available however binding affinity is ten-
fold lower than [35S]-labelledsso. Kinetics of G protein dissociation, including for Gas,
can be measured using a standard bioluminescence resonance energy transfer
(BRET)-based assaysss1 or a recently developed nanoBRET systemss2. Whilst
standard BRET systems use relatively large luciferases (typically the 61kDa Firefly or
36kDa Renilla luciferase) to transfer energy to a fluorescent acceptor molecule,
nanoBRET system uses the smaller (19kDa) NanoLuc luciferasesss. This smaller
NanoLuc luciferase reduces steric inhibition of protein-protein interactions in the cell,
improving the validity of BRET-based assays. Another approaches to investigate
protein-protein interactions is Forster resonance energy transfer (FRET), which uses
an excitation source to initiate energy transfer from the donor to the acceptor.
However, due to the need for an external excitation source, FRET can cause
photobleaching of samples, autofluorescence and adverse stimulation of additional
biological processessss. BRET technologies can, however, lack signal strength
compared to FRET which can cause issues when using low sensitivity equipment. The

relatively low number of BRET donors can also limit the scope of its use.

Another readout of this pathway is the measurement of Ga recruitment to the receptor.
The main benefit of measuring Ga recruitment over measuring G protein heterotrimer
dissociation is that this is a direct measure of the initiation of the pathway of interest.
BRET and NanoBRET have been extensively used to measure Ga recruitmentsss sse.
NanoLuc can also be used in a protein-fragment complementation assay (PCA), called
NanoBiTss7. Whilst other PCAs are available to measure protein-protein interactions,
the large size and high affinity of other fragmented luciferases makes them much less
suitable for investigating transient or weaker intracellular protein-protein
interactionsss7. The two subunits have low affinity and therefore won’t bind under non-
physiological conditions, and association occurs when the two portions are in close
proximityssz. The NanoBiT system also gives a greater signal to background ratio

compared to NanoBRET, meaning deviations in signals are easier to detect.

Looking further along the Gas signalling cascade, many high-throughput screens

(HTS) are available which measure cAMP accumulation. There are commercial high-
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throughput assays, based on time-resolved Foérster resonance energy transfer (TR-
FRET) available to measure cAMP accumulation in cells, such as the HTRF Gs
Dynamic Kit (Cisbio, France) and the Thunder™ TR-FRET kit (BioAuxilium, Canada).
TR-FRET has advantages over regular FRET technology as the fluorophores used
emit extended fluorescence which allows for a time delay between excitation of
fluorophores and measurement of fluorescence, mitigating short-lived background
noise. TR-FRET assays do however produce a low background to signal ratio, which
can lead to variability in the data. Another HTS method for measuring cAMP is the
HitHunter® cAMP assay (DiscoverX, USA), a PCA-based assay in which endogenous
cAMP quenches antibodies allowing for light production from an activated luciferase.
Other assays include enzyme-linked immunosorbent assay (ELISA) assays, which
provide a greater sensitivity and accuracy of cAMP concentration which is useful for
minute divergences in CAMP, however the protocol takes longer than the other HTS
assays listed and are therefore not used in drug discovery. Radioimmunoassays
(RIAs) can also be used to analyse cAMP production in vitro, however like the ELISA

assays available, the time taken to perform this makes RIAs obsoletesss sso.

There is also great interest in the recruitment and biology of other Ga subtypes. As
mentioned, Gag-mediated Caz+ signalling is suggested to be important in an array of
relevant physiology, including GLP-1R-mediated internalisation and insulin releaseze9
and GCGR-mediated glycogenolysis4oo,560. To measure Caz+ flux in vitro, fluorescent
dyes such as Fura-2 are used. Fura-2 remains popular since its introduction in 1985
due to its ability to provide quantitative data with minimal bleachingss1, however it only
provides a macro-scale readout of the Caz+ flux. Mechanistically, GCGR-coupled Gaq
stimulates calcium-induced calcium release (CICR) from endoplasmic reticulum
stores400. Measuring the biology and dynamics of CICR can be measured using
BRET/FRET systemsse2s63, or intracellular Ca2+ stores can be depleted using
thapsigargin to knock out the ability for receptor-induced CICR, as has been explored
with the GLP-1Rse4-566 and GCGRa400. Clearly, complete and sustained depletion of
calcium stores using thapsigargin is not physiological, and causes mitochondrial

permeabilityse7, which is detrimental to cells.

“‘RET” technologies have similarly been used to measure Gai activation and

recruitment to different receptorsses. Gai is of interest in the field of diabetes and
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obesity as Gai has specifically been implicated in both conditionssess70 and Gai
recruitment has been observed at both GCGR400 and GLP-1Rz266,267. Another method
to investigate Gai biology is using pertussis toxin (PTX). PTX catalyses the adenosine
diphosphate (ADP)-ribosylation of Gai, locking the G protein subunit in its inactive,
GDP-bound conformation and thus preventing interaction of Gai with its receptors71.
Treating with PTX in vitro is therefore a useful method of inhibiting Gai and study the

biology of Gai-interacting receptors such as GCGR and GLP-1R.

This work will primarily focus on Gas biology and dynamics at both receptors for the
reasons stated. Utilising the NanoBiT technology to investigate G protein recruitment
kinetics will allow for an accurate representation of G protein recruitment to both the
GLP-1R and GCGR, and provide the bright, discernible signal that can be difficult to
get with nanoBRET assay. Accumulation of cAMP will also be shown using a
commercial HTRF kit, which allows for accurate and quick quantification of the
downstream activation events caused by Gas recruitment and AC activation. In
conjunction with each other, these two assays will provide detailed analysis of the
effects caused by potential dual GLP-1R/GCGR agonists at the Gas-AC-cAMP
pathway.

GPCR signalling is not only shaped by the pharmacological profile of the ligand or the
kinetics of intracellular signalling pathways, such as the Gus-AC-cAMP pathway. The
B-arrestin protein family plays a critical role in GPCR signalling kinetics, from
prolongation to cessation of canonical and non-canonical intracellular signalling
pathwayss72-575. New aspects of B-arrestin biology have also been discovered which
provide evidence that B-arrestin can also act as a scaffold protein for distinct
intracellular signalling pathways, including that of GLP-1R-mediated insulin release27s.
Therefore, measuring B-arrestin recruitment and activation upon ligand-receptor

interaction is becoming equally important in drug discovery.
Many current methods for measuring B-arrestin recruitment use the same protein-

protein interaction methodologies as discussed for G proteins including FRET576-579,

BRETss0-583, nanoBRETss4-586 and nanoBlTss7,587,588. Like measuring G protein

Philip Pickford 76



Biased Signalling of Dual GLP-1R/GCGR Agonists

activation and recruitment, these assays provide a real-time representation of [3-
arrestin recruitment but require system optimisation before reliable results can be
obtained. A further assay is a luciferase-based assay, called TANGO-Presto, whereby
luciferase mMRNA is transcribed upon B-arrestin recruitmentsse. Whilst emitting high
intensity signals, this assay does not provide real-time kinetic readouts of B-arrestin
interaction and the C-terminus of the receptors used in this assay are modified to that
of the V2 vasopressin receptor (V2R) to optimise B-arrestin recruitment, which effects

validity of results obtained from this assays1o.

Due to increasing interest in B-arrestin recruitment and signalling, HTS assays also
exist. The DiscoverX PathHunter® assay, which uses a luciferase PCA system to
measure the recruitment of individual recombinant [B-arrestin isoforms to a
recombinant receptor, is one of the most commonly used276502588590-593. The
PathHunter® assay allows for rapid readouts of recruitment, with very little
optimisation required. However, the recruitment of B-arrestin to receptor is not
transient or reversible, unlike in normal physiology and therefore is not representative

of the true physiology of 3-arrestin recruitment.

Like Ga, methods exist which also measure B-arrestin activation. As [-arrestin
activation is linked to conformational changes within the B-arrestin molecule,
intramolecular FRET and BRET reporters exist which can measure the conformational
change in the B-arrestin molecule, even after ligand-induced -arrestin recruitment to

the receptorsgs,sos.

Measurement of both the Gas—cAMP pathway and B-arrestin recruitment will be used
as the two readouts for biased signalling. Whilst the GLP-1R does signal
independently through other G proteins to induce Ca2+ flux and ERK1/2
phosphorylation, both the Gas and B-arrestin pathways are associated with the primary

effects elicited by activating both of these receptors.

3. 1.5 Quantification of biased sianalli

Bias can exist at the level of the receptor and system (cell or tissue) as well as the

agonistses (See Introduction section 1.5). Consequently, biased agonism can only be
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determined against a reference peptide. Bias can be intuitively observed. A ligand that
has higher potency or affinity for one signalling pathway over another compared to a
reference compound is instinctively biased toward the former pathway. However,

complexities emerge when signalling efficacies and potencies diverge between

ligands.
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Figure 3.1 - Schematic of biased agonism between two signalling pathways

Bias can exist as a result of reduced efficacy or affinity. Agonist 4 (red) is visually biased toward assay A as it
produces a greater maximum response compared to Agonist 1 (yellow). If Agonist 4 produced a maximum
response but was still right shifted (as in Assay B) it would be biased toward Assay A based on affinity to the
assay A. Figure adapted from Kenakin & Christopolouss

The most established method of bias quantification used in literature is the modified
version of the operational model of pharmacological agonismaze. Here, the
transduction ratios (1/Ka) are calculated for each intracellular pathway which combines
receptor binding and coupling to that specific intracellular pathway with a transduction
readout. Whilst the modified operational model accounts for changes in receptor and
transducer density, one disadvantage of using the operational model is the inaccuracy
of transductor ratio calculation for very partial agonists with little difference between
baseline and maximum responsesso. Therefore, alternative methods have been
proposed, including the relative activity scale (AlogEmax/ECs0) which incorporates the
estimated parameters Emax (efficacy) and ECso (potency) to quantify bias at a
receptors77,478. Note, however, that however this approach is only applicable when the

Hill coefficient is onese7. Finally, due to the inaccuracy of calculating 1/Ka values from
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partial agonists, a further refinement of the operational model has been described
which uses intrinsic antagonist actions of partial agonists to more accurately calculate
transduction ratioss79, hereby called the “competitive method”. These three

approaches are all used in the present work.

3.1.6 Aims

The aims in this chapter are:

1) Using an in-house peptide library, discover amino acid switches in dual GLP-
1R/GCGR agonists which lead to alteration of cAMP or B-arrestin signalling at
either receptor

2) Examine the acute and chronic effects of G protein- or B-arrestin-biased dual
GLP-1R/GCGR agonists in vitro.
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3.2 Results

3.2.1 Identification of biased dual GLP-1R/GCGR agonists

To identify biased dual GLP-1R/GCGR agonists, peptides were identified (parent
compounds) with multiple corresponding compounds with single amino acid
substitutions (Daughter compounds, Table 3.1), using the available peptide library.
Candidate peptides were screened for unique receptor signalling properties using a
single-dose B-arrestin recruitment assay in combination with historical cAMP data
produced in the laboratory. Screening assays were performed at 1uM as this was
sufficient to achieve recruitment with the endogenous ligands, therefore daughter
compounds with reduced recruitment at 1uM could be assumed to be weak agonists

for B-arrestin recruitment.

Parent X]X[X]X XXX XXX XXX XXX XXX XX XXX XXX XXX XXX
Daughter 1 | X [l X | X | X| X[ X[ X | X X X[ X[ XX X[ X[X]X]X]|X[X[X]X]X]|X[X]X]X]X[X[X]X]X
DaughterzXXXXXXXXHXXXXXXXXXXXXXXXXXXXXXXXX
Daughter3XXXXXXXXXXXXXXXXXXXXXXXXXXX.XXXXX

Table 3.1 - Schematic of "parent” peptides with corresponding "daughter” compounds with single
amino acid substitutions

X —amino acid; A, B, C (red) — amino acid substitutions

The substitution of serine at position 2, native to both OXM and glucagon, to 2-
aminoisobutyric acid (referred here as AIB2) was identified by this method and
resulted in the reduction of B-arrestin recruitment of 74% at the GCGR compared to
its parent (One-way ANOVA; P<0.0001) (Figure 3.2A, bottom) without significant
effects on GLP-1R B-arrestin-2 recruitment (P>0.05) (top).

As cAMP produced in the Gas — AC — cAMP signalling pathway does so in a cascadic

manner, it is not possible to measure cAMP accumulation in a similar single-dose

assay.
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Figure 3.2 - Dose-response of oxyntomodulin derivatives for cAMP signalling and B-arrestin-2
recruitment

(A) Percentage of B-arrestin 1 recruitment in PathHunter® CHO-K1 cells expressing human GLP-1
receptor (top) or glucagon receptor (bottom) cells after a 30-minute stimulation of 1uM peptide (n=5).
Results shown relative to native ligand (GLP-1 or glucagon). Data was analysed using One-Way ANOVA
with Dunnett’s test. (B) Regression analysis of B-arrestin 1 recruitment versus the normalised ECso for
cAMP generation at GLP-1 receptor (top) and glucagon receptor (bottom). All data for cAMP production
produced in house and normalised relative to native ligand (GLP-1 or glucagon). (C) Dose response
analysis of cAMP production (left) or B-arrestin 2 recruitment (right) by oxyntomodulin (OXM, black) or
oxyntomodulin with 2-aminoisobutyric acid at position 2 (OXM-AIB2, red), histidine at position 3 (OXM-
His3, gold) or AIB2 and His3 together (OXM-AIB2His3, blue) to PathHunter® CHO-K1 hGLP-1R (top
row) or hGCGR (bottom row) after a 30-minute stimulation (n=5). Statistical significance performed by
one-way ANOVA with Tukey post hoc test. Data presented as mean + SEM.
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For this reason, previously collected pECso values were used. The cAMP collected as
part of the drug discovery process was collected as mean pEC50 values and the
reference pEC50 subtracted from the pEC50 of the endogenous ligand (e.g. GLP-1 or
GCG). Data from the single dose B-arrestin recruitment assay were then mapped
against collected cAMP data as an XY regression plot to create a simple regression
analysis (Figure 3.2B). Potent agonists would be expected to generate high -arrestin
recruitment and cAMP accumulation and vice versa for low potency/partial agonists.
Here, addition of AIB2 maintained robust cAMP potency at the GCGR whilst having
diminished B-arrestin recruitment, with no observable effects at the GLP-1R,
highlighting an AIB2 compound as interesting to take forward to look at selective

diminishment of the B-arrestin pathway at the GCGR.

Differential signalling effects at either pathway with addition of AIB2 were not
replicated at the GLP-1R, suggesting the effect was specific to the GCGR.
Interestingly, most therapeutic incretins currently on the market or in clinical trials
contain the AIB2 switch, as this substitution protects the peptide from proteolytic
degradation by dipeptidyl peptidase 4s9. This means that not only would addition of
AIB2 produce an agonist with reduced B-arrestin-2 recruitment specifically at the
GCGR, such an agonist would be pharmacokinetically advantageous for use in vivo,

increasing its therapeutic viability.

Previous work in the laboratory had suggested that the mild loss of cAMP signalling
potency at the GCGR can be counteracted by substituting the native glutamine at
position 3 of the compound (hereby called GIn3) with histidine (His3). To confirm the
effect of AIB2 addition on B-arrestin recruitment and cAMP potency, and the effect of
substituting in His3, native OXM was synthesised with systematic substitutions of
AIB2, His3 and AIB2His3 (see Appendix). In CHO-K1 hGLP-1R-BArr2 cells, addition
of AIB2, regardless of the third amino acid, resulted in an approximately five-fold
increase in cAMP potency (Figure 3.2C, top left) with no discernible effect on p-arrestin
recruitment (top right). At the GCGR, however, OXM-AIB2 (red) showed a seven-fold
reduction in cAMP potency (bottom left) and a 40% reduction in B-arrestin recruitment
compared to OXM (black, bottom right), both of which were completely rescued by

addition of His3 (blue). His3 alone showed no significant difference from OXM in any
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signalling pathways (brown), therefore signifying His3 by itself had no unique
signalling properties. Thus, from this initial study, two peptides were identified
containing AIB2GIn3 or AIB2His3 which could be used as a tool to further investigate

the functional effects of B-arrestin signalling at the GCGR.

Following the discovery of this “His/GIn” amino acid switch which controlled GCGR-

mediated B-arrestin recruitment without invasive genetic manipulation, a pair of
pharmacologically-superior AIB2GIn3/AIB2His3 compounds were synthesised. These
“‘SRB” compounds contained N-terminal and C-terminal amino acid substitutions
which enhanced the ligands potency at each receptor and their pharmacokinetic
profile (see Appendix). In addition to this, four other AIB2His3/GIn3 pairs were

identified to corroborate any consequent in vitro and in vivo results.

SRB103GIn3 and SRB103His3 were tested for their respective potency and efficacy
for cAMP production and B-arrestin recruitment. Like the OXM peptides, SRB103GIn3
and SRB103His3 showed a near identical potency and efficacy for cAMP production
and B-arrestin recruitment at the GLP-1R (Figure 3.3A, top row). At the GCGR,
SRB103GIn3 and SRB103His3 showed identical potency for cAMP production (Figure
3.3A, bottom left), and in tandem with the previous results, SRB103GIn3 produced a
significant 46% reduction of B-arrestin recruitment compared to SRB103His3 (two-way
ANOVA, P<0.001) (Figure 3.3A, bottom right). These data were corroborated in the
four further AIB2His3/GIn3 pairs, however the potency of the AIB2GIn3 compounds to
cAMP production was worse than the AIB2His3 counterpart (Table 3.2). Interestingly,
in all four other cases of AIB2His3/GIn3 peptide pairs, AIB2GIn3 peptides displayed
significantly reduced B-arrestin-2 recruitment at the GLP-1R as well as at the GCGR
compared to His3 comparators, due to His3 compounds acting as full agonists for 3-

arrestin recruitment.
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Figure 3.3 - Dose-response of SRB103 peptides for cAMP signalling and B-arrestin-2 recruitment

(A) Dose response of GLP-1 (black), glucagon (green), SRB103His3 (blue) and SRB103GIn3 (red) for
cAMP signalling (left) or B arrestin-2 recruitment (right) in DiscoverX CHO-K1 cells expressing the GLP-1
receptor (top) or GCGR (bottom). Cells were stimulated for 30 minutes at 37°C (n=5-6). (B) Bias calculation
(AAlog(1/Ka) using modified operational model with SRB103His3 and SRB103GIn3 using GLP-1 or GCG as
the reference compound. Calculation used: A1/Kacamp] — A1/Kagar. (C) As for (B) but using the relative
activity scale, and the calculation used was A(ECso/Emax)icamp] - A(ECso/Emax)ipar. Statistical significance of
Emax (A) calculated using two-way ANOVA with Tukey post hoc test, and bias using student t-test. Error
bars show SEM. *** P<0.001; ns — not significant.

Having observed apparent signalling bias shown by SRB103GIn3 toward cAMP
signalling at the GCGR, accepted methods of pharmacological bias were used to
confirm and quantify this. Here, bias to each signalling pathway was measured relative
to GLP-1 or GCG. Surprisingly, the modified operational model, commonly used to
distinguish biased agonists, did not certify SRB103GIn3 as a biased agonist at the
GCGR relative to GCG or SRB103His3 (student t-test; P>0.05) (Figure 3.3B, right),
despite the clear visual reduction in B-arrestin-2 recruitment elicited by SRB103GIn3
stimulation. Interestingly, both SRB103 compounds shows slight preference for [3-
arrestin-2 recruitment over cAMP at the GCGR, compared to GCG. SRB103His3 was
more “B-arrestin-2-preferring” suggesting SRB103GIn3 may have a slight bias toward
cAMP compared to SRB103His3. No difference was observed at the GLP-1R either
(P>0.05) (Figure 3.3B, left). Conversely, both SRB103 peptides showed a very mild
preference for cAMP signalling at the GLP-1R compared to GLP-1. Similarly, the

relative activity scale showed no significant difference in bias between peptides
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(P>0.05), but SRB103GIn3 showed a preference for cAMP signalling compared to

SRB103His3, as expected (Figure 3.3C). Results were replicated in four additional

versions of His3/GIn3 peptides (Table 3.3). Here, a separate attempt to improve the

accuracy of the transduction ratio (1/Ka) was made by using the “competitive analysis”

model, however this method also failed to confirm GIn3 peptides as “cCAMP-biased”.

Peptide His1 GIn1 His2 GIn2 His3 GIn3 His4 Gln4
cAMP pEC50| 9.37 £+0.2 | 9.22+0.2 | 9.28+0.2 | 9.26+0.2 | 9.23+0.2 | 9.14+0.2 | 9.18+0.1 9.06 £0.2
BArr pEC50 | 6.26 +0.1 6.12+0.1 | 6.34£0.1 6.09+0.2 | 6.28+0.1 | 6.25+0.1 6.35+0.1 | 6.20£0.1
BArr Emax | 109.0+2.8 | 58.5+2.1 | 109.5+6.8 | 69.5+3.7 | 111.1+45| 66.3+3.3 | 98.3+6.0 | 554 4.4

Peptide His1 Gin1 His2 GIn2 His3 GIn3 His4 GIn4
cAMP pEC50| 10.00+0.2 | 9.30+0.2 | 9.84+0.2 | 9.37+0.2 | 9.81+0.3 | 9.52+0.2 | 9.82+0.2 | 9.47+0.2
BArr pEC50 | 7.13 £0.1 6.63+0.2 | 7.12+0.0 6.7 £0.2 7.00£0.1 7.05+00 | 7.04+0.0 | 6.89+0.1
BArr Emax | 109.7+54 | 41709 | 986+18 | 38.8+6.9 | 106.1+2.6 | 41.7+5.1 97.6 £+4.8 | 36.9+4.3

Table 3.2 - Affinity and efficacy of four other His3/GIn3 peptide pairs

Data presented as mean + SEM. Data normalised to GLP-1/glucagon Emax.

Operational model

Peptide

His1

GIn1

His2

GIn2

His3

GIn3

His4

Gln4

GLP bias

0.109 £0.27

0.359 +0.27

-0.105 £0.21

0.035+0.28

0.121 £0.19

0.424 +0.25

-0.260 +£0.23

0.250 £0.25

GCG bias

0.129 £0.10

0.313 £0.25

0.006 £0.14

Competitive analysis

Peptide

His1

GIn1

His2

-0.038 +0.18

GIn2

0.090 £0.06

His3

0.230 £0.22

GIn3

-0.007 +£0.06

His4

0.299 + 0.21

GIn4

GCG bias

0.129 £0.10

0.348 +0.17

0.006 £0.14

Relat

ive activity

scale

Peptide

His1

GIn1

His2

0.085+0.14

GIn2

0.090 £0.06

His3

0.192 +0.13

GIn3

-0.007 +£0.06

His4

0.116 £0.09

GIn4

GLP bias

0.129 £0.12

0.403 +0.20

0.009 £0.20

-0.185 +0.32

-0.035+0.16

0.164 +0.13

0.318 +0.28

0.021 +£0.19

GCG bias

0.134 £0.07

0.413 £0.24

-0.113 £0.13

0.274 £0.18

0.022 £0.15

0.140 +0.114

-0.045 £ 0.07

0.168 £0.16

Table 3.3 - Bias quantification between four other AIB2GIn3/His3 peptide pairs

Quantification performed using three methods; modified operational model, “competitive analysis” and relative
reactivity scale. No statistical difference observed for any pair (P>0.05), using one-way ANOVA. Data shows
mean + SEM.

393 M G . 6 : :

Whilst initial data demonstrated all AIB2GIn3 peptides tested as showing signal bias

toward cAMP-accumulation compared to [-arrestin recruitment, this was not
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confirmed by mathematical quantification typically used to confirm biased signalling.
This could be because cAMP production is a cascadic pathway, where a single
phosphorylated AC can catalyse the production of many-fold more cAMP molecules.
For this reason, sub-maximal Gas recruitment, which results in sub-maximal AC
phosphorylation, might still produce the maximum amount of cAMP possible in the
system. Recruitment kinetics of Gas was therefore investigated to explore this

paradigm.

HEK293T cells were co-transfected with either the hGLP-1R-SmBit or hGCGR-SmBit
plasmid alongside either a MiniG-LgBit or B-arrestin-2-LgBit plasmid to quantify
recruitment dynamics of MiniGas or B-arrestin-2 to the receptor at increasing
concentrations of SRB103 peptides. Of note, at the GLP-1R both SRB103 peptides
produced and approximate eighteen to twenty-fold increase in MiniGas recruitment at
the peak response (Figure 3.4A, top row). However, SRB103GIn3 produced
approximately half the peak response of B-arrestin-2 recruitment compared to
SRB103His3 (bottom row). This suggests that, contrary to data in figure 3.3,
SRB103GIn3 is unable to fully initiate B-arrestin-2 recruitment to the GLP-1R. Profiles
at the GCGR, unusually, between the two peptides were quite similar, with
SRB103GIn3 (Figure 3.4B, top row) showing a very mild reduction in maximal

recruitment at both pathways compared to SRB103His3 (bottom row).

Area under curve (AUC) was calculated for each curve produced by the corresponding
concentration of peptide (Figure 3.4C). Using the AUC of recruitment at 10uM peptide
stimulation as a surrogate for maximal MiniGs or [-arrestin-2 recruitment,
SRB103GIn3 produced a sub-maximal amount of 3-arrestin-2 recruitment at the GLP-
1R (P<0.01), but no difference in MiniGs recruitment (P>0.05), compared to
SRB103His3. At the GCGR, SRB103GIn3 reduced both B-arrestin-2 P<0.05) and
MiniGs (P<0.01) recruitment compared to SRB103His3 (Figure 3.4D). These data
suggest that, rather than selectively signalling for cAMP at the GCGR by displaying
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Figure 3.4 - NanoBit measurement of the recruitment of MiniGs or 3-arrestin-2 to the GLP-1R or GCGR

(A) Recruitment dynamics of MiniGs-LgBit (top row) or BArr-LgBit.(bottom row) to GLP-1R-SmBit across a 30-
minute stimulation with SRB103His3 (left) or SRB103GIn3 (right) in transiently transfected HEK293T cells.
Concentrations used were 1nM (red), 10nM (green), 100nM (magenta), 1uM (orange), 10uM (black) or vehicle
(blue). Data shown as fold change from baseline, which was the mean average recruitment for 5 minutes before
peptide stimulation. (B) as for (A) but in the hGCGR. (C) Area under curve (AUC) of MiniGs (left) or B-arrestin-
2 (middle) recruitment curves generated in (A), after 30-minute stimulation by SRB103His3 (blue) or
SRB103GIn3 (red). ALogR (LogRices) — LogRpar2]) values for each replicate then calculated from curves to
determine bias toward either pathway (right) (D) As for (C) but in the hGCGR. N=6. Statistical analysis of bias
between SRB103 peptides performed by student t-test. Data shown as mean + SEM.
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low efficacy for B-arrestin recruitment as suggested in section 3.2.2, this phenotype
may in fact be present at the GLP-1R, whilst acting as a partial agonist at the GCGR.
The LogR values of each AUC curve fitting were then analysed, and bias calculated
by subtracting the LogR[B-arrestin] from LogR[Gas] for each assay (Figure 3.4C & D,
right). Here, the higher the number, the greater the tendency for the agonist to recruit
MiniGs over B-arrestin-2. Whilst no results were significant between peptides at each
receptor (student t-test; P>0.05), SRB103GIn3 did show a reduced preference for
MiniGs recruitment at the GCGR compared to SRB103His3 (Figure 3.4D, right),
suggesting SRB103GIn3 shows bias toward B-arrestin-2 recruitment than MiniGs
recruitment at the GCGR, contradicting results from before. No difference in bias was
observed between the two peptides at the GLP-1R (Figure 3.4C, right).

39 4 CAMP ati Y Y mulati

It was recently reported that a GLP-1R agonists showing reduced cAMP potency but
diminished B-arrestin recruitment resulted in a greater cCAMP potency and efficacy than
one with full B-arrestin recruitment after prolonged stimulation periodz7s. This follows
convention, that B-arrestin recruitment ultimately results in receptor internalisation. It
is theorised that, if a receptor is stimulated for a sustained period of time by an agonist
that does not induce full B-arrestin recruitment, more receptor will be available for
stimulation at timepoints where, normally, a large proportion of the receptor has been

internalised, resulting in greater cAMP accumulation.

To confirm that this paradigm translates into SRB103GIn3, which showed diminished
B-arrestin recruitment at the GCGR in both the PathHunter and NanoBit systems, and
decipher which result was correct for the GLP-1R, cells overexpressing either the
GCGR or GLP-1R were stimulated for 30 minutes or 16 hours to discover whether a

divergence in cAMP signalling could be uncovered upon prolonged receptor
activation. If reduced B-arrestin recruitment did prolong GCGR signalling, this would

emulate what is seen at the GLP-1R27s.
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Figure 3.5 - Effect of prolonged stimulation of the GCGR or GLP-1R with SRB103 peptides

(A) Human hepatoma (Huh7) cells expressing hGCGR were stimulated with SRB103GIn3 (red) or SRB103His3
(blue) in the presence of 500uM IBMX for 30 minutes (left) or 16 hours (right) to measure cAMP production. *
P<0.05 by paired t test comparing Emax. Data expressed relative to SRB103His3 Emax, n=3. (B) HEK293T cells
were transfected overnight with GLP-1R (top row) or GCGR (bottom row) and stimulated for either 30 minutes
(left) or 8 hours (right) in the presence of 500uM IBMX. Data expressed relative to SRB103His3 Emax. N=3.
Statistical analysis of Emax performed by two-way ANOVA with Tukey post hoc test. Data shown as mean £ SEM.
*P<0.05.

Firstly, Huh7 hepatoma cells over-expressing the human GCGR were stimulated with
SRB103 peptides. Here, both peptides showed equal potency to the receptor after 30
minutes of stimulation (Figure 3.5A, top). However, clear divergences appeared after
16 hours of stimulation, where G103GIn produced 3.6 times more cAMP than
SRB103His3 at peak cAMP response (two-way ANOVA; P>0.05) (Figure 3.5A,

bottom).

To confirm whether this effect from SRB103GIn3 was unique to the GCGR, or whether
the GLP-1R also showed prolongation of signalling upon SRB103GIn3 stimulation,
HEK293T cells were transfected with either the SNAP-tagged GLP-1R or GCGR
overnight and then treated for either 30 minutes or 8 hours with either SRB103GIn3 or

SRB103His3. Interestingly, this showed no divergence between stimulation time
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points (Figure 4B). To confirm that this was not due to the high expression of the

receptor masking any nuanced changes in signalling, transfected receptor mMRNA was
diluted in pcDNA. This had no effect on cAMP potency or efficacy (Table 3.4). These

data suggest that there are system-specific variations in prolonged signalling effects

elicited by SRB103GIn3, which require further investigation.

GLP-1R Acute
1:5 1:25 1:125
Emax pEC50 Emax pEC50 Emax pEC50
SRB103His 100 10.1£0.5 100 10.9+0.2 100 10.1+£0.1
SRB103GIn| 85.8 +21.8 | 9.3+1.0 98.9+7.8 10.3+0.2 | 78.2+126 | 10.2+0.4
GLP-1R Chronic
1:5 1:25 1:125
Emax pEC50 Emax pEC50 Emax pEC50
SRB103His 100 9.4 +0.0 100 9.2+0.1 100 8.8+0.2
SRB103GIn| 105.5+7.5] 9.5+0.3 101.6 £1.5 9.4+0.3 101.8+0.8 | 9.2+0.1
GCGR Acute
1 1:25 1:125
Emax pEC50 Emax pEC50 Emax pEC50
SRB103His 100 10.4+0.2 100 10.2+01 100 9.7+0.3
SRB103GIn|126.8 +16.4| 9.5+0.0 108.4 +6.4 9.4 +£0.1 83.6+7.6 8.8+0.0
GCGR Chronic
1:5 1:25 1:125
Emax pEC50 Emax pEC50 Emax pEC50
SRB103His 100 9.0+0.2 100 8.7+0.2 100 8.6 £0.1
SRB103GIn| 86.5+3.6 8.4+0.2 93.9+7.9 8.0+0.1 102.5+19.4| 7.8+0.1

pcDNA

Table 3.4 - cAMP potency and efficacy in HEK293T cells transfected with GLP-1R or GCGR diluted in

Cells transfected for 16 hours then stimulated for 30 minutes. Data normalised to SRB103His3 Emax.

32 5 Visyalisation of GLP-1R and GCGR i isati SRB103

' stimulati

Results from the chronic stimulation of GCGR-containing Huh7 cells clearly indicate

that SRB103GIn3 is able to maintain cAMP signalling after an overnight stimulation,

unlike SRB103His3. One of the essential effects mediated by (B-arrestin recruitment

which could affect receptor signalling over 16 hours of stimulation is receptor

internalisation, which was therefore investigated in further detail.
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Figure 3.6 - GLP-1R and GCGR internalisation after prolonged stimulation by SRB103 peptides

(A) Representative images showing internalisation of SNAP-GLP-1R (left) or SNAP-GCGR (right) labelled with
SNAP-Surface 549 (SS-549, red) after a 30-minute stimulation with 100nM SRB103 peptide or vehicle. Nuclear
marker DAPI shown in blue. (B) as for (A) but with 4-hour stimulation. N=3/4, scale bar represents 8um.
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Here, HEK293T cells were transfected with either the human SNAP-tagged GLP-1R
or GCGR and treated with a fluorescent probe which conjugates to the SNAP tag on
the receptor. Selecting representative images of fixed cells, it was not possible to
visually distinguish between receptor internalisation caused by SRB103GIn3 or
SRB103His3 after acute 30 minute agonist stimulation (Figure 3.6A) or after a chronic

4 hour stimulation (Figure 3.6B).

Disparities in receptor internalisation were not observed, suggesting SRB103GIn3
may not be eliciting it's effects by reducing receptor internalisation rates. It is also
important, in the future, to consider the wider aspect of B-arrestin effects when
examining the mechanisms behind biased signalling beyond receptor internalisation
toward desensitisation and non-canonical signalling pathways which may be activated

by B-arrestin complexes, such as ERK1/2 and CREB pathways27s,2s0.
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3.3 Discussion

In this chapter, novel biased dual GLP-1R/GCGR agonists were identified and

characterised in vitro using a variety of assays. The key findings of this chapter are:

1) Novel switch of the third amino acid from His to GIn results in diminished (3-
arrestin recruitment, with little effect on cAMP potency.

2) SRB103GIn3 displays low efficacy for B-arrestin recruitment specifically at the
GCGR and a standard full agonist at the GLP-1R in the CHO cell assays, but a
partial agonist at the GCGR and low efficacy B-arrestin ligand agonist at the
GLP-1R in the NanoBiT assays.

3) The three bias quantification methods used fail to identify SRB103GIn3 as
biased at either receptor, despite clear differences in signalling profiles between
the SRB103 peptides in both the DiscoverX and NanoBit assays.

4) Prolonged signalling of SRB103GIn3 in hepatoma cells overexpressing GCGR
results in amplified cCAMP production. This is not replicated in a GLP-1R model.

5) No visual differences in GCGR or GLP-1R internalisation are observed

between either peptide after either 30 minutes or 4 hours of receptor

stimulation.

In this chapter, dual agonists with differing signalling profiles for cAMP accumulation
and B-arrestin recruitment were identified using a medium throughput screen (Figure
3.2). The medium throughput screen allowed identification of peptides based on -

arrestin recruitment, a surrogate for intrinsic receptor efficacy.

Interestingly, only one amino acid switch was taken forward for investigation, due to a
number of possibilities. Firstly, the peptide library available contained compounds with
very similar pharmacological profiles, with differences primarily designed to affect the
pharmacokinetics and physicochemical nature of the peptide as opposed to producing
interesting pharmacology. All peptides are from a drug development library where
therapeutic performance and drug-like properties are of paramount importance. GLP-
1R mono-agonists leading the field for anti-diabetic and anti-obesity therapeutics,

require a once weekly injectionsge. Semaglutide was recently approved by the FDA for
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use as a once-daily oral pilleco, and is expected to be a great success as it improves
patient compliance. This highlights how a major driver in the field of incretin therapies
is improving pharmacokinetics and delivery of the drug, rather than only

pharmacodynamics.

Whilst time- and resource-efficient, using a single high dose to identify compounds
with differing efficacies came at the likely expense of omitting compounds with low
potency for B-arrestin recruitment. It is entirely possible that “daughter peptides” were
missed which displayed lower potency for B-arrestin recruitment, but still produced full
recruitment at the 1uM concentration used. The historical data used to derive cAMP
potency was not performed in tandem with the parent compound, which increases the

intra-assay variability of the data.

Nevertheless, the GIn3 to His3 amino acid switch found in this screening assay was
robust throughout multiple examples of peptides with single GIn3 to His3 substitutions
(Table 3.2). This suggests the assay is a fast and reliable method of detecting future
compounds which may exhibit biased signalling properties at either receptor. A more
rigorous method of analysing bias across the dual agonists could have been to perform
alanine screen mutagenesis, where amino acids are systematically replaced by
alanine along the molecule. The R-group of alanine is a small, non-polar methyl group
and therefore ablates the specific interactions made by the native amino acid, whilst
being less likely to affect overall peptide structural integrity. Alanine screening is
regularly used to interrogate the stability, signalling and ligand interactions in GPCRs,
including both the GLP-1R and GCGRso1-605. Such a technique could, therefore, be
used to interrogate amino acid interactions responsible for eliciting selective signalling

for the SRB103 peptides at either receptor.

332 S iff i 3 . . ble f
bi ' si Ui

One of the central aims of this chapter was to identify and validate biased dual GLP-
1R/GCGR agonists. Substitution of AIB in the N-terminus of Ex4 results in reduced B-
arrestin signalling at the GLP-1Rz27s. Screening dual agonists revealed this substitution
had a marked affect at the GCGR, however effects are less discernible at the GLP-1R
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compared to the Ex4 analogues (Figure 3.3A, bottom right). This suggests
conformational differences between the SRB103 compounds versus the Ex4
analogues when complexed to the GLP-1R. This mimics the recent paradigm that
separate ligands binding to a receptor can induce distinct receptor conformations,
which results in unique intracellular signalling patternszs4e06-608. Similarly, in the
NanoBit assay, the substitutions in SRB103GIn3 resulted in a full agonist for Gas
recruitment but partial B-arrestin recruitment at the GLP-1R, and partial agonist at the
GCGR (Figure 3.4C & D), suggesting that amino acid interactions between the ligand
and receptor drive the conformational change of the receptor. Switching glutamine, a
large, neutral amino acid to histidine, a positively charged amino acid (at certain pHs)
with a large aromatic ring will undoubtedly affect ligand-receptor interactions.
Considering glutamine at position 3 of glucagon has been described as critical for
receptor binding and activation, it is not surprising that this amino acid switch has

considerable implications for GCGR signallingeos.

Whilst confirming the paradigm that N-terminal substitutions affect both GLP-1R and
GCGR signalling, to what extent remains unresolved. Using the Gs Dynamic Kit to
measure cAMP accumulation in CHO-K1 cells, SRB103GIn3 and SRB103His3 are
nearly identical in potency for cAMP production at both receptors (Figure 3.3A, bottom
left). However, measurement of direct MiniG protein recruitment in HEK293 cells
indicated that SRB103GIn3 acted as a partial agonist for Gas recruitment at the GCGR
relative to SRB103His3 (Figure 3.4D, left), but full agonist for Gas recruitment at the
GLP-1R. This observation is explained by the inherent amplification in the
Gas/cAMP/PKA signalling pathway, but raises questions about which readout is most
appropriate. It may be that Gas responses are more appropriate for understanding how
different ligands drive conformational change that lead to altered interactions with
intracellular effectors, but cAMP is more relevant for gaining a fuller picture of

functionally important signalling responses within the cell.

3.3.3 G ficati vsis fail ify bi f SRB103GIn3
SRB103His3
Mathematical quantification is used in the process of discovery of biased agonists,

allowing for validation and comparison of the signalling of ligands to a receptor
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irrespective of factors which affect assay to assay variations47s. In this work, three
separate analyses were used to calculate the bias shown by the SRB103 compounds,

and four other versions with similar amino acid substitutions.

Firstly, the modified operational model was used to interrogate whether SRB103GIn3
showed signalling bias at either receptor compared to SRB103His3 (Figure 3.3B).
SRB103His3 showed similar B-arrestin and cAMP signalling efficacies as the
endogenous ligand at both the GLP-1R and GCGR, differing only in (-arrestin
recruitment at the GCGR. Therefore, SRB103His3 was considered a suitable
reference peptide. Despite clear differences in [-arrestin-2 recruitment seen
specifically at the GCGR, the modified operational model could not distinguish
SRB103GIn3 as being cAMP-biased at the GCGR compared to SRB103His3. There
are two possible options why bias could not be calculated with this method. Firstly, the
modified operational model has known limitations when quantifying very partial
agonists, due to the inherent imprecision of calculating the transduction ratio when the
baseline and maximum response are similars79,596. As SRB103GIn3, and the four
corresponding AIB2GIn3 compounds show partial activity for -arrestin recruitment at
the GCGR (Table 3.2), this may result in inaccurate calculation of the transduction
ratios for these compounds. Secondly, the pECso values for the SRB103 compounds,
and other His3/GIn3 pairs tested are strikingly similar (7.15 and 7.14 for SRB103GIn3
and His respectively). Potency to the pathway is the key attribute driving transduction
ratio calculation, and therefore with near identical potencies to all signalling pathways

tested, it may be unsurprising this method failed to quantify bias.

Further alternative approaches were used to improve the definition of the transduction
values for SRB103GIn3 at the GCGR, such as the “competitive method” (Table 3.3)
and use different pharmacological parameters to further clarify potential bias with the
relative activity scale (Figure 3.3C and Table 3.3). Both the relative activity scale and
competitive analyses were not successful in confirming biased signalling. As the
NanoBIiT data suggest, SRB103GIn3 may in fact be a weak partial agonist at the
GCGR with reduced efficacy and potency to both pathways tested. This contrasts with
the cAMP assay data which suggests SRB103GIn3 can fully activate cAMP
accumulation with similar potency and efficacy to SRB103His3Such differences could

partly reflect the amplification inherent to the cAMP signalling pathway, but may also
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be partly responsible from differences in host cell type (i.e. CHO-K1 versus HEK293T),
receptor expression levels relating to stable versus transient transfection of receptor

constructs, receptor N- and C-terminal tags and other factors.

Other methods of bias quantification are available. An alternative method used to
quantify bias elicited by very partial agonists uses irreversible antagonists to highlight
agonist efficacy to the receptorsio. As there is no irreversible antagonist for the GCGR
commercially available, this assay is currently unavailable to study biased partial
agonists at the GCGR. This could be circumvented using a tetracycline-inducible

knockout system to systematically titrate receptor expressions11,612.

Despite no mathematical evidence of SRB103GIn3 showing biased signalling, there
was still compelling evidence that SRB103GIn3 had unique signalling properties at
both receptors which was corrected by substitution of GIn3 to His3, meaning the

SRB103 peptides were compelling to take forward into further testing.

3.3.4 SRB103GIn3 \ | si i SCGR Y
| T isati
As B-arrestin is associated with receptor internalisation upon prolonged ligand
stimulation, peptides with differential B-arrestin recruitment profiles can diverge in their
ability to induce receptor internalisatione1s. It was recently shown that a weak agonist
at the GLP-1R was paradoxically able to induce greater cAMP production with longer
stimulation timepoints, due partly to reduced rates of receptor internalisation2zs. In the
present study, dual agonists with the AIB2GIn3 substitution repeatedly showed
reduced B-arrestin recruitment at both receptors with mitigated effects on acute cAMP
production. This is the first discussed example of a peptide agonist displaying selective
signalling for cAMP production with reduced B-arrestin recruitment at the GCGR, and
the first example of dual GLP-1R/GCGR agonists screened for altered receptor

signalling profiles.
In Huh7 hepatoma cell lines expressing the GCGR, all AIB2GIn3 peptides tested

showed similar potency and efficacy for acute cAMP production compared to their

AIB2His3 comparator (Figure 3.5A, top). However, noticeable divergences in potency
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and efficacy between compounds occurred after 16 hours of peptide stimulation
(Figure 3.5A, bottom). The hypothesis for this difference is that the reduction in
recruitment of B-arrestins to the receptor caused by AIB2GIn3 peptides will reduce
desensitisation and internalisation of the receptor. This in turn allows for prolongation
of signalling, and hence improvement of cAMP production over greater timepoints.
This fits with previous data showing that depletion of B-arrestin 2 increases hepatic
GCGR signalling in primary hepatocyteszs3, and suggests that peptides signalling at
the GCGR can modulate the kinetics and strength of signal through [(-arrestin
recruitment kinetics. This is also exciting as the chronic stimulation of receptors mimics
the therapeutic setting, whereby peptide with optimised pharmacokinetics will remain
present in the plasma for at least a day. If it is possible to increase efficacy by reducing
B-arrestin recruitment, as is suggested in these results, this may be an alternative to

increasing potency of peptides to improve their therapeutic use.

It is clear, however, that these findings do not translate to the transfected HEK293T
cells used to interrogate chronic stimulation of both receptors (Figure 3.5B). It could
be hypothesised that differences seen in transfected cells may be due to a greater
overexpression of receptor compared to a stable cell line, however receptor mRNA
dilution had no effect on cAMP potency or efficacy at 8-hour stimulation periods (Table
3.4). One possible explanation for the lack of translation in the two cell lines could
relate to the idea of system biassse. This results from iterations in intracellular
machinery which could increase the effect of B-arrestin-mediated events. In Huh7
cells, this could include increased efficacy for recruiting GRKs, which phosphorylate
the intracellular domain of the receptor to induce B-arrestin recruitments14. Of note,
expression of GRKs in HEK293T cells is relatively low, with GRK2 reportedly
undetectables1s. As the GCGR is known to rapidly recycle back to the cell membrane
after internalisationsos, perhaps there is a dampening of the recycling process in Huh7
cells which exaggerates any effects on internalisation. Alternatively, as the HEK293T
cells were transfected with SNAP tagged receptors to replicate internalisation data
shown in section 3.2.5, the ability of the GCGR or GLP-1R to activate B-arrestins in a
physiological manner might be compromised. This is unlikely as evidence suggests
the SNAP tag does not compromise cAMP potencys1s, including for the GLP-1Res17,
although this has not been confirmed for the GCGR.
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One explanation for the results seen in the Huh7 cells is that AIB2GIn3 peptides could
reduce the amount of GCGR internalisation. By labelling both the GLP-1R and GCGR
with a fluorescent probe, receptor internalisation was visualised after SRB103 peptide
stimulation under a fluorescent microscope. No differences in either GCGR or GLP-
1R internalisation could be measured, suggesting that the prolonged signalling effect
caused by reduced [(-arrestin recruitment was not linked to effects on receptor
internalisation. This was not a quantitative assay, meaning only gross differences were
likely to be detectable. Internalisation of GCGR is also much more transient in
comparison to other GPCRs403 and has been seen to only occur at high ligand
concentrationss1s. A number of further approaches to measure GPCR internalisation
have been developed, including post-internalisation labelling of residual surface
receptor, TR-FRET measures of receptor internalisations1s, amongst others, and could

be used in future to precisely quantify subtle differences in receptor trafficking.

As both SRB103His3 and SRB103GIn3 are matched in amino acid sequence apart
from the third amino acid, it is considered unlikely that the peptides have different
pharmacokinetic profiles. However, in vitro, it is known that electron-rich amino acids
such as histidine are prone to photo-oxidations19,620, which could take effect upon long
stimulation times. Therefore, differences in peptide stability, which could explain

increased cAMP efficacy after 16 hours of treatment, is explored in section 4.2.1.

SRB103GIn3 does show similar pharmacological signalling profiles at the GCGR
compared to Ex-phe1 at the GLP-1R276. Both are partial agonists for Gas recruitment
acutely but increase in potency and efficacy for cAMP production after chronic
stimulation. Reducing acute GCGR signalling could reduce acute hyperglycaemic
events which are associated with glucagon signallings21, but allow for prolonged insulin
secretion and/or sensitivity which has been observed with chronic GCGR agonist
administration12,394,622. Signalling at the GLP-1R, provided by the OXM backbone of
the SRB103 compounds, will also aid in preventing GCGR-mediated acute
hyperglycaemia. The interesting signalling properties and potential therapeutic
benefits discussed of SRB103GIn3 make it interesting to take forward into further in

vivo characterisation, which will be discussed in the following chapters.
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4 Acute in vivo characterisations of biased dual GLP-
1R/GCGR agonist
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4.1 Introduction

Currently, candidate drugs must be tested for efficacy and toxicology in two species
before exposure to humans. Whilst there are caveats to the translation of findings in
non-human species, testing on animals in the field of diabetes has aided in discovering
the very basis of glucose homeostasis to generating the next wave of anti-diabetic
pharmaceuticals. In this chapter, the SRB103 peptides are taken into acute in vivo
testing to uncover the therapeutic potential of a dual GLP-1R/GCGR agonist with

reduced B-arrestin efficacy.

11 ¢ o el  for dial  ohesi !

Type 2 diabetes and obesity can be induced in animals in two ways: genetic
manipulation or diet alteration. Currently, rodents make up the majority of animal
species used in diabetes research due to the combination of small size, short life cycle,
extensive genomic understanding and physiological similarities to humanse23. Mice, in
particular the C57BL/6 strain, represent the majority of animal testing casese2s.
C57BL/6 mice themselves have a variety of sub-strains, each with unique metabolic
profiles which need to be considered. The 6J sub-strain, the most commonly used
sub-strain from the Jackson Laboratory, are typically used in diabetes and obesity
research as they are predisposed to developing insulin resistance and glucose
intolerance in both a lean state and when fed on a high fat/high sugar diete2s. The 6J
sub-strain express a mutant Nnt gene which codes for the mitochondrial pump
nicotinamide nucleotide transhydrogenase (NNT), which results in a reduction in
glucose-stimulated insulin release compared to the 6N sub-strainsze-628. Despite these
sub-strain abnormalities, the extensive use of the 6J sub-strain means that they
remain popular in current diabetes and obesity research. Indeed, key papers
evaluating GLP-1R agonists and dual GLP-1R/GCGR agonists have predominantly

used the 6J strainzre,442,456,464,502,629-632.

Whilst predisposed to obesity, further manipulation of the 6J sub-strain through diet or
genetics is still used to induce a diabetes and/or obesity phenotype. Diet-induced
obesity is usually preferred to manipulation of single genes, as the majority of human
diabetes and obesity results from environmental factors and polygenic variation, with

only a fraction attributable to monogenic factorse2s,633,634. Standard RM1 diet (Special
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Diet Services, UK), used in the lean animals in this work, derives its total caloric energy
from 7.5% fat, 17.5% protein and 75% carbohydrates. High fat diets typically switch
carbohydrate-derived calories for fat-derived calories, resulting in a diet in which
approximately 60% of caloric energy is derived from fatess. Another diet used is the
high-fat/high-sucrose diet or “western diet”, which some argue is more representative
of the modern energy-rich diet consumed in the developed worlds3s. The typical result
of this is obesity, hyperlipidaemia, hyperinsulinaemia and impaired glucose tolerance,
however there is the heterogeneity in diabetic phenotype between micess7. Mice have
even been shown to be resistant to diet induced obesity due to an adaptive response
elicited by microbiota sub-populationsess. Despite this, diet-induced obese mice are
commonly used to investigate the acute anti-hyperglycaemic abilities of GLP-1R and
dual GLP-1R/GCGR agonists276,442,502,520.

Genetic variants of diabetic rodents can be monogenic and polygenic. The major
advantage of using genetic strains over diet-induced diabetes and obesity is the lack
of need for time consuming and variably successful feeding regimens to induce the
conditionesg, although obesogenic diets are often used in combination with genetically
susceptible strains to maximise the metabolic phenotype. Human T2DM and obesity
have a predominantly polygenic origin, and therefore polygenic strains are more
representative of the human conditionse4o-644. However, monogenic mouse strains are
also commonly used, partly for reasons of tradition and historical context, and partly
as they display more extreme phenotypes which allow treatment effects to be more
easily distinguished. One well-established example is the db/db mouse, which carries
a mutation in the leptin receptor (lepr-~-) (discussed in section 1.2.1), which displays a
hyperphagic phenotype, resulting in obesity, hyperinsulinaemia, hyperglycaemia and
dyslipidaemia, imitating the human conditionesses6. TO accentuate a diabetic
phenotype, db/db mice can be bred in the C57BL/KsJ mouse strain, however these
have a short life span of approximately 6 to 8 monthses7. Homozygous db/db mice are
also infertile, therefore heterozygous mating has to be performed to generate a cohort
of lepr.- males. Therefore, the cost of generating a usable cohort is substantial.
Another monogenic mouse line is the ob/ob mouse, which has homozygous knockout
of the gene producing leptin itself. These mice present with similar phenotypes to
db/db micesss. Despite this, the ob/ob mice have several disadvantages. Firstly, there

is not complete ablation of B cell function or insulin signalling when ob/ob mice are
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bred on a C57BL/6 background meaning the extent of type 2 diabetes phenotype is
typically mild in comparison to the db/db miceess. More severe diabetes can be
produced in ob/ob mice bred on a C57BL/KsJ background, however these mice suffer
from early mortalitye4s0. Homozygous lep-~ rodents are also infertileeso. Both of these

lines can be also be fed HFD to induce a more extreme disease phenotypess1-653.

As mentioned, polygenic diabetic strains likely represent a closer resemblance to
human type 2 diabetes compared to monogenic strains. They also develop less-
extreme symptoms which may also more closely resemble the conditionsso,642.
Examples of polygenic diabetic obese mouse strains include the TallyHo/Jng mouse,
NoncNZO10/Ltd mouse and New Zealand Obese (NZO) mouse. NZO mice are
hyperleptinaemic, resulting in obesity and concomitant hyperinsulinemia and 3 cell
hypertrophysss,e55. The other two are bred to develop diabetes meaning there is a
greater yield of diabetic mice, however the NoncNZO10/LtJ mouse are non-obese and
only develop typical type 2 diabetic pathophysiologys4o. Whilst they represent the
human condition more closely, as they are polygenic it is not possible to produce
littermate controls, and a strong male sex bias has been reported in many polygenic
mouse strainse41. NZO mice also display immune deficiencies, which can influence
the pathophysiology of obesity and hence affect the validity of translating results into

humansess,ss7.

Rats are the second most commonly used rodent species usedess. Due to a larger and
more complex physiology, rats are preferred in some studies as the dissection and
manipulation of tissues and organs is easier than in mice, and with a larger blood
volume, more regular blood samplings can be done. Secondly, it has been shown that
a rat’s diabetic state can more readily adapt to environmental factors such as stress,
social differences and toxins compared to mice, more reflective of the human statesso.
Rats were typically preferred to mice when investigating diabetic cardiomyopathy and
cardiovascular pathophysiology due to the size and complexity of rat cardiovascular
system (CVS), however mice are increasingly used due to advances in microsurgery
and miniaturisation of surgical technologiesesoee1. There are disadvantages to
choosing rats over mice when investigating T2DM and obesity. Intuitively, as rats are
larger, the cost of maintaining rats is more than that of mice. There is also a greater

understanding of the mouse strain and sub-strain genomes, and improved molecular
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techniques allow for greater diversity of potential studies. Intriguingly, Ex4, a
commonly used GLP-1R agonist, causes unexpected transient hyperglycaemia after
administration, believed to be centrally mediatedes2. This is not seen in humans, and

therefore raises concerns as to the validity of using rats as a model for GLP-1R activity.

Like mice, rat strains have been selectively bred to spontaneously induce diabetes.
The Zucker Fatty (ZF) rat is a commonly used monogenic lepr.- rat strain used in
T2DM research. Like db/db mice, ZF rats show obesity and reduction in insulin
sensitivity and glucose tolerance, but resting normoglycaemiassz. Selective breeding
of the ZF rat lead to a less obese, more diabetogenic strain (due to increased 3 cell
apoptosis) called the Zucker Diabetic Fat (ZDF) rates3es4. Like the lepr-/- mice, ZDF
rats are infertile, therefore carry many of the disadvantages that the db/db mice have,
however there are efforts to generate ZDF strains with improved fertility to circumvent
thisess. Polygenic diabetic rat strains are also available, including the Otsuka Long-
Evans Tokushima Fat (OLETF) and Goto Kakizaki (GK) rats. OLETF rats are mildly
obese and the males display hyperglycaemia after approximately 18 weeks, arising
from B cell necrosiss4o,666. GK rats, however, are non-obese and develop diabetes due
to reduced B cell mass and functionss7-669. Therefore, depending on the specifics of
the research question at hand, either of these strains provides a good model for type
2 diabetes. The hyperglycaemic and insulin deficient phenotype in rats can also be

accentuated by feeding with HFD to induce a diabetic or obese phenotypesa4o,670.

Pharmacological means of inducing T2DM phenotypes are lacking. Currently,
streptozotocin is the most commonly used drug used to induce diabetes, resulting in
destruction of the B celle71. Whilst this does result in severe hyperglycaemia, due to a
lack of insulin secretion, it likely does not represent the broad pathophysiology of
obesity-induced T2DM, of which insulin secretion is initially increased, but insulin

sensitivity is greatly reduced.

Larger mammals have also been used in diabetic research, such as catse72, pigsers-
675, primatesere,e77 and dogserse7e. Whilst the first three species show significant
resemblance to human type 2 diabetes and therefore offer advantages over rodents
in incretin therapy research, an FDA report showed dogs had adverse testicular

reactions to lixisenatide dosing, suggesting their use in GLP-1R agonist testing is
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limitedeso. The increase in cost and housing, along with ethical issues, also makes

non-primary species less viable to use.

12T ] ns o i wate incretin biol

Generating and testing transgenic mouse lines has been a critical validation step for
many mechanistic, physiological and pharmacological studies, allowing for ablation,
overexpression and selective activation of key proteins, receptors and enzymes. For
incretin biology, many GLP-1R and GCGR knockout models have been described that
allow for whole-body or tissue-selective knockout of either receptor in a congenital or

inducible manner.

The first example of GLP-1R knockout- mice was generated by manipulating the Glp1r
gene, resulting in a null Glp7r geness1. Similarly, the first examples of mice lacking the
GCGR were developed using a similar process of germline genetic manipulation
resulting in a null geness4,682. The result is a complete lack of functional gene. Global,
congenital knockout of genes can result in phenotypic alterations not witnessed in
wild-type animals, which may partly result if the gene plays an important role during
development, and partly due to pre-natal and post-natal physiological adaptions. For
example, both GLP-1R and GCGR knockout lines result in hypersecretion of the
cognate ligandss4683, upregulated secretion of other incretins such as GIPsss4, and
morphological changes and hyperplasia of key endocrine tissues such as the

isletss4,685.

In an attempt to reduce morphological and secretory alterations, Cre-Lox
recombination can be used to generate tissue-specific or conditional transgenic
mouse lines. Here, Cre-recombinase expression is driven by a specific promoter
allowing manipulation of genes flanked by two LoxP sites. Depending on the
orientation of the LoxP sites, it allows for gene activation, deletion, inversion or
translocationess. The process of gene deletion, used in this project, is illustrated in

Figure 4.1.
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Figure 4.1 - lllustration of Cre-LoxP gene deletion
9 Gene (1) LoxP sites (yellow) flank the gene of interest (blue)
l | in the same orientation. (2) Upon tissue or treatment-
specific expression of Cre recombinase (green), LoxP
g? Cre sites are joined by Cre recombinase which initiate
recombination. (3) The gene segment is excised from
the genome where the Cre was expressed, resulting in

‘ knockdown of the target gene.

3 D

x
T,

The Cre-Lox recombination tool allows for tissue-specific gene deletion and has been
widely used to produce whole-body and tissue-specific deletion of both the Glp7r and
Gcgr. This approach allows the study of the effects of the endogenous ligand (or drugs

targeting the receptors) in different tissuessss.

To minimise the impact that loss of any developmental function in germline or tissue-
specific knockout models, inducible-Cre promoters can be used, in which Cre activity
is only induced after treatment with a specific endogenous ligand. A Cre-recombinase
under the control of a primer containing a fragment of the oestrogen receptor, meaning
expression is controlled by administration of tamoxifen, is commonly used for this
purposess?. In the case of GCGR, the adaptive responses to GCGR knockout are
delayed compared to the complete ablation of the receptor itself, for up to 2 weeksess.
It should be noted that due to tissue-related differences in exposure to tamoxifen and
the variable capacity to synthesise Cre, 100% knockdown is rarely achieved by
inducible modelsess. Moreover, not all cells will have the gene knocked out, regardless

of the same expression of Creesg,690.

Other methods exist for genetic manipulation of animals. Adeno-associated virus
(AAV) is a widely used technique and has been used to knock down both receptors in
specific regions/organs of the bodyse1. Here, AAV have genetic constructs such as
small interfering RNA (siRNA) or small hairpin RNA (shRNA) inserted into their

genome which interferes with expression of the protein of interest. AAVs are a

Philip Pickford 106



Biased Signalling of Dual GLP-1R/GCGR Agonists

particularly useful tool, as they display very low pathogenicity, eliciting a very mild
immune response and have very low donor genomic uptake (around 0.1 - 0.5% )692,693.
Different AAV forms also display variable tropism to different cell types, allowing for a
degree of tissue-specificity to be achievedsos,695. They also target both dividing and
quiescent cells which expands the range of cells they can infect. Due to the small
genomic size of AAVs, the genetic insert cannot exceed approximately 4-5kb, which
limits its scope, however this is rarely a problem for siRNA or shRNA which is typically

short in sequencess.

Recent discovery of CRISPR-Cas9 technologies provide an exciting opportunity to
selectively suppress, mutate or activate genes in the mouse embryo. The technology
has been used to investigate genetic components of diabetes and obesity in
miceeg7,698, and zebrafisheso-701. Whilst the technology is relatively straightforward
(compared to previous gene editing approaches such as transcription activator-like
effector nucleases (TALENs), and CRISPR mouse lines have been produced
including those with GLP-1R deleted7o2, CRISPR-Cas9 technology has been linked to
genomic instability and off-target effects, as well as mosaicism arising from insufficient

Cas9 cleavage at different cell cycle states7o3,704.

13 M g al insulin f

Dual agonists show exciting therapeutic potential to combat both diabetes and obesity.
Assessment of their therapeutic efficacy requires robust and dynamic measurements

of glucose and insulin responses.

Glucose tolerance tests (GTTs) are the first line of in vivo test for assessment of
glycaemic effects of candidate drugs due to the ease to which they can be done. GTTs
can be performed in a number of different ways depending on the research question
they seek to address. Firstly, GTTs can be performed by oral gavage of glucose,
termed an oral GTT (OGTT). As oral glucose instigates the release of endogenous
incretins (discussed in section 1.1.1), it is a good measure of the body’s own ability to
control glucose excursions under physiological conditions7os. As a major GLP-1R
action is to slow gastric emptying, the overall glycaemic response to oral glucose after

GLP-1R agonist administration results primarily from a combination of delayed
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glucose delivery to the circulation and direct 8 cell stimulation. To better isolate the
effects on B cells, glucose can also be administered intravenously (IVGTT) or, more
practically, into the highly vascularised peritoneal cavity (IPGTT), where glucose
absorption is nearly as rapid as an IVGTTr7oe. Other routes of glucose administration
are described, such as intragastric (IGGTT), which provides a separate means of
inducing endogenous incretin secretionzo7, however this technique is more technically
challenging and usually requires larger animals to cannulate the gastro-intestinal tract.
Therefore, IPGTT is the primary approach used in the assessment of incretin biology,

with OGTT also frequently used as a more “complete” assessment of glycaemic

physiology.

Another consideration to make is the dosing of glucose, especially with regards to lean
versus obese mice. Glucose can be dosed based on total body weight or lean body
mass. In a lean C57BL/6J mouse model, these two are quite similar, as a lean adult
male has a fat-to-body weight percentage of approximately 25%7o0s8,709. However, DIO
C57BL/6J mice can reach a fat-to-total body weight percentage of 40% without a great
change in lean massro9. As lean mass is more closely aligned between lean and obese
rodents, and skeletal muscle is the primary tissue for glucose uptake, it has been
argued that glucose dosing should be carried out using lean mass weight to match for
glucose uptake ability710. Furthermore, genetically-induced obese mice, such as db/db
and ob/ob mice show a disproportional increase in total weight gain compared to blood
volume711. If the blood volume of DIO mice is approximately similar to lean
comparators, then dosing based on total body weight may overestimate the glucose
intolerance of DIO mice710. However, in experiments measuring the difference in
glucose dosing based on total or lean body mass between lean and DIO mice, there
is little difference in results and the trend of greater intolerance in DIO mice was

observed in both studies71o.

Whilst technically easy to perform, glucose tolerance tests in general cannot
distinguish between reduced B cell function and increased insulin resistance. Insulin
tolerance tests (ITTs), where insulin is injected in a fashion identical to GTTs, is used
to evaluate the peripheral response to an increase in circulating insulin, e.g. a
reduction in glycaemia. As insulin is injected at basal fasting glucose levels, there is a

risk of hypoglycaemia with ITTs. This means optimisation of injected insulin
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concentrations is required depending on the model used and experiment performed.
The absolute or percentage decrease of basal glycaemia is a readout of insulin
sensitivity and can be used to evaluate the ability of a treatment to improve insulin
sensitivity providing the baselines are similar. This technique correlates well with other
techniques used to measure insulin sensitivity, such as a euglycaemic
hyperinsulinaemic clampz12. In mice, ITTs have been widely used to demonstrate the
ability of GLP-1R agonists and GCGR agonists, to improve insulin

sensitivity394,502,713,714.

Dynamic measuring of insulin sensitivity, however, remains as the “gold standard” of
measuring insulin secretion and sensitivity715. Glucose clamps, where the jugular vein
and carotid artery are catheterised to allow for infusion of glucose and insulin, illustrate
insulin secretion and sensitivity. Two main forms preside, each offering slightly
different measurements. In a hyperglycaemic clamp, high concentration glucose is
continuously infused into the animal to induce hyperglycaemia, and the rate of glucose
infusion subsequently varies throughout to maintain a steady circulating
hyperglycaemic state. This measures the subject’s ability to produce and secrete
insulin, as reflected in the amount of glucose needed to maintain hyperglycaemia. In
humans, regular blood sampling for insulin measurements is possible, although this is
limited in small rodents due to the available circulating blood volume. In contrast,
hyperinsulinaemic-euglycaemic clamps use constant hyperinsulinaemic infusion and
a variable glucose infusion to maintain euglycaemia. Whilst the hyperglycaemic clamp
measures endogenous insulin production, hyperinsulinaemic-euglycaemic clamps
measure the ability of the tissue to use the insulin, i.e. insulin sensitivity716,717. These
clamping methods are considered the “gold standard” measures, respectively, of
insulin secretion and sensitivity assessments. They can be technically challenging,
time-consuming and require more expertise than do GTTs and ITTs, therefore GTTs

are more routinely used as a basic readout for glucose control for screening purposes.

Hyperglycaemic clamps can be used to infer insulin secretion but as an indirect
readout only. For this reason, assays quantifying blood insulin concentrations are
available and widely used. As described in section 3.1.3, ELISAs can provide very
accurate measurements of substrate71s. For an insulin ELISA, the sensitivity of assays

can be as low as 1.1pmol/L719. The working volume of plasma needed for the assay
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is also as low as 5ul, which means it is not particularly invasive to the animal and can
be done multiple times71s. Serum insulin levels can also be measured with an RIA72o,
and advantages and disadvantages of these are discussed in section 3.1.3.
Circulating insulin concentrations can be used alone as a marker of the efficacy of an
anti-diabetic treatment, however they are routinely used in tandem with other readouts

to confirm how the insulin in being used.

Fasting insulin concentrations can also be used with fasting glucose levels as part of
the homeostatic model assessment (HOMA), which is a quantifiable calculation of
either insulin resistance or 3 cell function721. Two forms of HOMA calculation are used:
HOMA-B (measuring B cell function) and HOMA-IR (measuring insulin resistance), of
which HOMA-IR is used much more regularly that HOMA-B722. HOMA models are
used to illustrate the relationship between the resting glucose level and how much
insulin is needed to produce that basal glycaemic level. Despite being used to
approximate animal insulin resistance, the model is only validated in humans, and it is

debated whether the formulae are applicable to other species7z2.

14 M na food intake in mi

Obesity is due to an increased energy intake relative to energy requirements.

Therefore, measuring food intake is a key component in investigating obesity.

Depending on the specific question, food intake studies can be performed acutely (less
than a day) or chronically. Acute studies are normally used to investigate preliminary
satiety effect and, if possible, are performed nocturnally as mice predominantly eat in
the dark phase72s. If the drug is suspected to induce effects in energy expenditure,
pair-feeding approaches can be performed, where vehicle-treated mice are given a
matched daily food weight. This would eliminate the effect of excess food intake
observed in obese mice. As obesity and type 2 diabetes are multifactorial processes,
pair feeding experiments omit the role of overall food intake on important processes
such as energy expenditurer2s4-726 and thermoregulatory thermogenesis727 in obese
mice where total food intake could be a confounding factor. Isocaloric pair-feeding
studies have also been used to investigate the individual roles of components of food

such as fat, carbohydrates and protein in weight managementos,s3s,637,638.
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GLP-1R agonists are associated with reducing food intake, however, one of their side
effects which reduces usability and patient compliance is induction of nauseaszs.
Unlike humans, rodents do not have a vomit reflex, but they do exhibit behaviours
such as reduced eating and pica (eating non-nutritive substances such as bedding or
kaolin clay)72s. Screening of GLP-1R agonists routinely includes measurements of
food intake to assess their anorectic properties. It has been shown that a biased Ex4
analogue, which caused improved glucose tolerance over 8 hours compared to Ex4,
displayed no change in food intake, whereas Ex4 inhibited food intake276. There is
controversy as to whether glucagon increases or decreases food intake, whether
these effects are a primary or secondary cause of GCGR agonism, and how this
impacts glucagon’s role in energy expenditure. Interestingly, OXM reduces food intake
in rodents and in mice, the anorectic effect of OXM was ablated by injection of GLP-
1R antagonist exendin(9-39) into the arcuate nucleus of the hypothalamus, widely
considered as an integral feeding centres29. In a separate study where glucagon
receptor activity was ablated in OXM, food intake was not affected72e. This suggests
the GLP-1R element of OXM and GLP-1R/GCGR dual agonists may be driving food

intake reductions centrally.

4.1.5 Aims

The aim of this following chapter is to:

1) Determine how SRB103His3 and SRB103GIn3 affect metabolic parameters in
vivo, including glycaemic control, insulin secretion and food intake.

2) Examine therapeutic changes, if any, between lean mice and diet-induced
obese (DIO) mice.

3) Establish whether the effects of SRB103His3 and SRB103GIn3 are affected by
disruption of GCGR signalling.

4) Confirm the role of B-arrestin signalling in the in vivo pharmacology of the

separate SRB103 peptides.
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4.2 Results

12 1 A L/ Y c off f SRB103 des in | .
Sustained insulinotropic properties of GLP-1RAs can be enhanced through selective
signalling to enhance cAMP signalling276,502,504. Lean C57BL/6J male mice were
therefore tested for their ability to tolerate a glucose excursion after i.p. glucose
administration after acute, 4 hours or 8 hours treatment with the SRB103 peptides or
vehicle. Mice were fasted 4 hours before i.p. peptide administration for acute and 4-
hour studies, and one hour before 8-hour studies to reduce the impact of extended

fasting on glucose readings.

After acute peptide administration (Figure 4.2A, left panel), there was no significant
difference between either SRB103His3 or GIn3 in their anti-hyperglycaemic abilities,
as calculated through AUC analysis, as measured by two-way ANOVA of the AUC
(P>0.05) (Figure 4.2B). Whilst no difference is seen between the two SRB103
peptides, SRB103GIn3 produces an improved anti-hyperglycaemic response
compared to vehicle (P<0.001), whereas SRB103His3 displays no difference with
vehicle (P>0.05), suggesting SRB103GIn3 is marginally more effective at correcting
hyperglycaemia acutely. However, after 4 hours of peptide treatment, SRB103GIn3
produces a statistically significant improvement in glycaemic control compared to
SRB103His3 (P<0.05), as well as a decrease in pre-glucose baseline (4.3 £ 0.2mM
versus 5.8 £ 0.3mM; P<0.001) (Figure 4.2A, middle panel). The divergence in total
IPGTT AUC between the two SRB103 peptides is further increased at 8 hours
(P<0.0001) (Figure 4.2B).
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Figure 4.2 - Effects of SRB103 peptides on glycaemic control in lean mice

Lean C57BL/6J mice (3-6 months) were fed on standard chow. (A) IPGTT results in mice dosed either acutely, 4
hours post or 8 hours post i.p. injection of 10nmol/kg SRB103GIn3 (red), SRB103His3 (blue) or vehicle (black).
Mice were fasted 4 hours prior to acute and 4-hour testing and 1 hour before 8-hour testing. Pre-glucose bolus
glucose levels were taken 30 minutes and immediately before 2g/kg glucose (in 0.9% NaCl solution) was
administered i.p. (dotted line) and blood glucose measured was measured periodically afterwards (n=10). (B)
Area under curve (AUC) of (A) calculated as M.min. (C) Insulin secretion after acute, 4-hour or 8-hour SRB103
peptide or vehicle treatment. At each treatment time point indicated, 2g/kg glucose was administered i.p., and
blood samples taken 10 minutes after by venesection. Insulin measured by HTRF (n=9-10) (D) Insulin tolerance
test (ITT) in fasted mice treated for 4 hours with 10nmol/kg SRB103 peptide or vehicle. Insulin (in 0.9% NaCl
solution) was administered i.p. with doses of 0.5U/kg (left), 0.75U/kg (centre) or 1U/kg (right) at time 0 (n=8) (E)
Percent reduction in initial blood glucose, measured as [mean average blood glucose t1s/mean average blood
glucose to] (n=8). (F) 4 hour circulating levels of 0.5mg/kg SRB103His3 or SRB103GIn3 in mice as measured by
radioimmunoassay (n=20). (G) DPP-IV degradation rate of 16.7uM SRB103 compounds (red and blue) and GLP-
1 (black). Incubation at 37°C as indicated and reaction terminated with 0.05% trifluoracetic acid. Data given
relative to baseline (n=3). Data presented as mean + SEM. Statistical significance calculated using one-way
(treatment) or two-way (treatment and time) ANOVA with Tukey post hoc test (B, E, G), mixed-effects test with
Tukey post hoc test (C) or student t-test (F). Error bars show SEM. **** P<0.0001; *** P<0.001; * P<0.05; ns - not
significant (P>0.05).

Interestingly, while SRB103His3 reduces the induced hyperglycaemia by the IPGTT 4
hours after the injection compared to vehicle, the effect is lost if injected 8 hours prior
to the IPGTT, suggesting it has a shorter efficacy (P>0.05). A similar trend was
replicated with four further His3/GIn3 compound pairs (Table 4.1). Here, two
measurements of pre-glucose and 30-minute measurements were used as a
surrogate for total glucose tolerance. Despite all four GIn3 peptides showing a trend
of increased glucose tolerance at 4 hours post-injection, only one His3/GIn3 pair
showed significant differences due to the variation in the data, improved GLP-1R
efficacy of SRB103GIn3 compared to the other GIn3 compounds used and smaller n

numbers.

 HEEE Gin1 His2 GIn2 His3 GIn3 His4 Gind

Acute Pre 84+04 | 83+0.1 ns | 74+05 | 81+02 |[ns | 76+04 | 74+£0.2 | ns | 8103 | 86+0.4 | ns
30m | 14.0+2.0|13.7+16( ns | 13.6+0.8 | 13.1+0.8( ns | 129+1.5]125+1.0( ns | 159+1.1]|18.7+1.5]| ns

4h Pre 58+06 | 51+03 | ns | 51+06 | 46+06 || ns | 5203 | 51+05 || ns | 69+09 [ 51+0.6 || ns
30m | 122+19[ 98+16 || ns | 135+3.5[10.8+15( ns | 145+14 (11115 ns | 189+21[132+1.7| *

Table 4.1 - Anti-hyperglycaemic effects of four other AIB2GIn3/His3 peptide pairs

Mice were fasted 4 hours before the study. Glucose measurements taken before (Pre) and 30 minutes after
(30m) 2g/kg glucose i.p. (n=4-8). Statistical analysis performed by two-way ANOVA with Tukey post hoc test.
Data presented as mean + SEM. ** P<0.01; ns — not significant (P>0.05).

Having confirmed SRB103GIn3 produced greater anti-hyperglycaemic effects than
SRB103His3, potential mechanisms were investigated further. The two presiding

theories here for improved anti-hyperglycaemia are:
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1) Increased insulin secretion

2) Increased insulin sensitivity

To investigate the former, SRB103 peptides or vehicle were administered to lean mice.
After acute, 4 hours or 8 hours of treatment, 2g/kg glucose was injected and ten
minutes later blood samples were taken to measure plasma insulin. Both SRB103
peptides induced a robust increase in insulin secretion when administered acutely
(Figure 4.2C). However, after 4 hours of treatment, only SRB103GIn3 caused a
significant four-fold increase in insulin release compared to SRB103His3 (two-way
ANOVA; P<0.001). Interestingly, by 8 hours neither SRB103 peptides elicited a
significant insulin release compared to vehicle (P>0.05). Cumulatively, these data
suggest that SRB103GIn3 elicits its improved anti-hyperglycaemic effect through

increased insulin secretion at 4 hours after treatment.

As GCGR agonism has been paradoxically linked to improvements in insulin
sensitivityses, effects on insulin sensitivity were also investigated by performing ITTs
to observe the response of mice to both SRB103 peptides 4 hours after administration
(Figure 4.2D). This was the time when the greatest anti-hyperglycaemic effect was
observed. Using three separate insulin doses (0.5U/kg — 1U/kg) to ensure maximal
insulin effects, insulin sensitivity was calculated by the percentage reduction in blood
glucose at the fifteen-minute timepoint compared to initial insulin levels (Figure 4.2E).
This approach was required as the “baseline” glycaemia between treatment groups
were different. Using this method, no difference in insulin sensitivity was observed
between agonists or vehicle (one-way ANOVA; P>0.05), suggesting prolonged
SRB103GIn3 administration does not oppose hyperglycaemia through increased

insulin sensitivity.

A further potential reason for the improved anti-hyperglycaemic phenotype observed
is differences in pharmacokinetics (PK), as incretins are most sensitive to DPP-IV
degradation at positions 1 and 2 of the molecule73o,731, close to the site of amino acid
substitutions. To rule out differences in PK or DPP-IV sensitivity two approaches were
taken. Firstly, C57BL/6J mice were injected via the i.p. route with SRB103 peptide and
plasma samples taken 4 hours after. Plasma concentration of SRB103 peptide was

confirmed using an RIA. No difference in plasma peptide concentration was observed
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at 4 hours (student t-test; P>0.05) (Figure 4.2F). Further confirmation was conducted
by incubating the SRB103 peptides or native human GLP-1 for up to 24 hours in buffer
containing human DPP-IV. Samples were then analysed using high performance liquid
chromatography (HPLC). Here, human GLP-1 showed full DPP-IV degradation by 24
hours, while SRB103 peptides showed statistically similar, negligible DPP-IV
degradation (one-way ANOVA; P>0.05) (Figure 4.2G).

These data support the hypothesis that SRB103GIn3 elicits greater anti-

hyperglycaemia compared to SRB103His3 due to distinct cAMP-selective signalling

at one or both receptors, resulting in greater insulin secretion.

Having observed an anti-hyperglycaemic effect of SRB103GIn3 in lean mice up to 8
hours after administration, C57BL/6J mice were fed on HFD for 3 months and IPGTTs
performed as previously described to confirm the effects in a pathological model of
diet-induced obesity (DIO).

—e— Vehicle —e— SRB103His3 —e— SRB103GIn3
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Figure 4.3 - Anti-hyperglycaemic effect of SRB103 peptides in DIO mice

Mice (6-9 months) were fed on 60% kcal high fat diet for at least 3 months before metabolic testing. (A) IPGTT
results in DIO mice measuring the acute (left) or 4-hour (right) effect of SRB103His3 (blue), SRB103GIn3 (red)
or vehicle (black). Mice were fasted 4 hours before the study. Peptide administered i.p. with 2g/kg glucose (in
NaCl solution) for acute study or 4 hours before 2g/kg glucose administration (n=10). (B) Area under the curve
for (A). Data expressed as mean + SEM. Statistical analysis performed using two-way ANOVA with Tukey post
hoc test. * P<0.05; ns — not significant (P>0.05).
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Like for the lean mice, DIO mice were fasted for 4 hours before the test and injected
with SRB103 peptide or vehicle either acutely or 4 hours before 2g/kg glucose
administration. 8-hour treatment timepoints were omitted as there was a greater
divergence in effect at earlier timepoints. DIO mice were not tested further for insulin
resistance and conformation of diabetes, but the additional weight gain (approximately
14g on average compared to lean mice) and higher glycaemic values at 40- and 60-
minute time points were convincing evidence of insulin insensitivity and progression
towards a diabetes-like phenotype. As observed with the lean mice, no difference in
the anti-hyperglycaemic effect was observed between SRB103GIn3 and SRB103His3
after acute peptide administration (Two-way ANOVA; P>0.05) (Figure 4.3).
Interestingly, DIO mice displayed similar baseline glycaemic levels to lean mice,
however this is likely an artefact of stress relating to the procedure. After 4 hours of
peptide treatment, SRB103GIn3 produced an improved anti-hyperglycaemic effect
versus SRB103His3 as observed in the lean mice (P<0.05). This corroborated earlier
findings of improved anti-hyperglycaemia by SRB103GIn3 treatment in a DIO model,
further implicating the unique signalling profile of SRB103GIn3 as a potential treatment

of type 2 diabetes.

SRB103GIn3 shows a prolonged anti-hyperglycaemic ability not observed with

SRB103His3. This effect is not related to pharmacokinetic differences between the
peptides, but potentially reduced B-arrestin efficacy at either the GCGR (Figure 3.3)
or the GLP-1R (Figure 3.4) respectively. In an attempt to delineate which receptor is
responsible for the phenotype shown in the IPGTTs described above, acylated
antagonists for GLP-1R and GCGR were designed based on widely used exendin9-
39 (termed Acyl-Ex9) and DesHis1-[Glu9]-glucagon(1-29) amide (termed Acyl-DHG)

respectively732,733 (see Appendix).

Acyl-Ex9 was tested in vitro to ensure it acted as a competitive antagonist at the GLP-
1R, and showed it was able to fully antagonise 1nM GLP-1 (Figure 4.4A). Having
shown it could compete with GLP-1 in vitro, a 50nmol/kg Acyl-Ex9 dose was used for
its ability to antagonise GLP-1-mediated anti-hyperglycaemia in an IPGTT (Figure
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4.4B, left panel). Mice were pre-administered i.p. either Acyl-Ex9 or vehicle, followed
30 minutes later by 2g/kg i.p. on glucose with or without 0.24nmol/kg Ex4. There was
a partial increase in AUC between Ex4-treated mice administered with Acyl-Ex9
compared to vehicle (One-way ANOVA,; P<0.05) suggesting a minor reduction in Ex4
anti-hyperglycaemic effect (Figure 4.4B, right panel). The magnitude of the Ex4-
induced reduction in glycaemia was similar with or without prior administration of Acyl-
Ex9, suggesting that Acyl-Ex9 is not sufficient to unambiguously distinguish the GLP-
1R-mediated effects of both SRB103 peptides.

Acyl-DHG was also tested for its ability to antagonise GCGR-mediated cAMP
signalling in vitro (figure 4.4C). However, increasing concentrations of acyl-DHG did
not reduce the cAMP increase mediated by 1nM glucagon. Indeed, at high doses,
Acyl-DHG acted as an agonist, thereby limiting its ability to act as a competitive
antagonist. Moreover, in vivo, Acyl-DHG (50nmol/kg) was unable to inhibit glucagon-
induced hyperglycaemia in a glucagon challenge test (P>0.05) (Figure 4.4D) and was

therefore not taken forward.

Therefore, a second small molecule reported as an orally available GCGR antagonist,
L-168,049, was investigated as an alternativerss4. L-168-049 was a suitable GCGR
antagonist in vitro as it fully antagonised 1nM glucagon (Figure 4.4E). To investigate
L-168,049 in vivo, mice were initially orally gavaged (as recommended by the
manufacturers) with vehicle or antagonist 30 minutes prior to 10nmol/kg glucagon or
vehicle i.p. injection. Blood glucose levels were observed 15- and 30-minutes post-
glucagon to determine if glucagon-induced hyperglycaemia was evident, then 2g/kg
glucose administered i.p. and blood glucose monitored in order to observe any
potential effect of glucagon-induced improvements in glucose tolerancesss. In fact, L-
168,049 did not block glucagon-induced hyperglycaemia, and L-168,049 alone
resulted in increased total glycaemia alone versus saline treatment, as shown by total
AUC (P<0.05) (Figure 4.4F). Also, contrary to finding from Kim et al., glucagon alone
didn’t appear to display any anti-hyperglycaemic properties. In conclusion, it appeared
that L-168-049 did not show sufficient GCGR antagonist properties to merit further

use.
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Figure 4.4 - Effect of acylated and oral GLP-1R and GCGR antagonists in vitro and in vivo

(A) Dose response of GLP-1 (black), Acyl-Ex9 (maroon), and Acyl-Ex9 + 1nM GLP-1 (pink) in DiscoverX CHO-
hGLP-1R cells. Cells stimulated at 37°C for 30 minutes. Results normalised to GLP-1 Emax. (B) IPGTT in lean
mice pre-treated for 30 minutes with 50nmol/kg Acyl-Ex9 (maroon, pink) or vehicle (black, grey). At t=0, i.p.
glucose was administered containing either 0.24nmol/kg exendin-4 (grey, pink) or vehicle (black, maroon).
(right) AUC of IPGTT given in M.min (n=8-10). (C) As for (A) but with Acyl-DHG and glucagon in DiscoverX
CHO-hGCGR cells. (D) As for (B) but 20nmol/kg human glucagon administered or vehicle instead of 2g/kg
glucose (n=10). (E) As for (C) but L168-049 used as the antagonist. (F) lean mice were dosed with 50nmol/kg
L168-049 (light blue, dark blue) or vehicle (grey, black) then given an i.p. 25nmol/kg glucagon challenge (grey,
light blue) or vehicle (black, dark blue) at t=0min. At t=30min all mice received 2g/kg i.p. glucose and an IPGTT
preceded as before(n=5). (G) Schematic of glucagon challenge/IPGTT described in (F). Data presented as
mean + SEM. Significance calculated using one-way ANOVA with Tukey post hoc test. **** P<0.0001; * P<0.05;

ns — not significant (P>0.05).

Philip Pickford 119



Biased Signalling of Dual GLP-1R/GCGR Agonists

Cumulatively, these data suggest even if these GLP-1R and GCGR antagonists
showed promising results in vitro, this does not translate to in vivo antagonistic
efficacy. Therefore, another approach was sought to dissect the roles of these two

receptors in the reduction of glycaemia observed after treatment with SRB103GIn3.

The second method trialled was to identify peptide sequences based on SRB103GIn3
and SRB103His3 which maintained characteristic biased signalling patterns at one
receptor, whilst being inactive at the second receptor, termed “receptor-selective”
peptides. Candidates were first selected according to historical CAMP signalling data
generated from the in-house dual agonist database (Figure 4.5A). Two amino acid
substitutions of interest were identified: serine at position 18 (Ser18) of the molecule,
which increased cAMP signalling to the GLP-1R 35-fold (Figure 4.5A, top panel) and
tyrosine at position 1 (Tyr1) which caused a 500-fold selectivity toward the GCGR
(Figure 4.5A, bottom panel). SRB103 compounds were therefore synthesised with
either Tyr1 or Ser18, in addition to the previously studied bias-inducing substitutions

of His3 or GIn3 (see Appendix).

cAMP signalling responses of putative receptor-selective SRB103 peptides were then
measured in DiscoverX CHO-K1 cells, with the aim of demonstrating that the
introduction of GIn3 into Ser18 and Tyr1 peptides maintains reduced GCGR-specific
B-arrestin recruitment without affecting other signalling properties. However, at the
GLP-1R, GIn3Tyr1 was approximately 20-fold times more potent than His3Tyr1 for
cAMP production (Figure 4.6B, top panel), and His3Tyr1 induced no B-arrestin
recruitment at all whilst GIn3Tyr1 elicited weak B-arrestin recruitment, thus failing to
replicate the negligible impact of the GIn3/His3 switch in the context of the native
SRB103 peptide sequence (Figure 4.6B, bottom panel). Moreover, at the GCGR,
whilst His3Ser18 exhibited higher B-arrestin efficacy than GIn3Ser18 (as intended),
His3Ser18 was also approximately 18 times more potent for cAMP than GIn3Ser18
(Figure 4.6C, top panel). As assessment of the contribution of the specific reduction
in GCGR B-arrestin efficacy to responses in vivo requires cAMP potency at both the
GCGR and GLP-1R to be equivalent, the differences in potencies between the two
Ser18 peptides at the GCGR and the two Tyr1 peptides observed at the GLP-1R
meant this strategy was not appropriate as a method of delineating receptor

contributions to the in vivo phenotypes.
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Figure 4.5 - Identification and validation of receptor-selective dual GLP-1R/GCGR agonists

(A) Selectivity for peptide with serine at position 18 (Ser18, green) to the GLP-1R (top) and peptide with tyrosine
at position 1 (Tyr1, purple) to the GCGR (bottom). Dose response of peptides with amino acid substitutions
listed in DiscoverX CHO-K1 hGLP-1R and hGCGR cells. Cells treated for 30 minutes at 37°C. Selectivity was
calculated as [mean pECso favoured receptor/mean pECso second receptor]. (B) Dose-response of receptor
selective SRB103 peptides in DiscoverX CHO-K1 hGLP-1R measuring cAMP (top) or B-arrestin (bottom).
Peptides used were SRB103His3 (blue), SRB103GIn3 (red), SRB103His3Tyr1 (teal), SRB103GIn3Tyr1 (pink),
SRB103His3Ser18 (green) and SRB103GIn3Ser18 (yellow). Cells were treated for 30 minutes at 37°C. Data
was normalised to SRB103His3 Emax (n=3). (C) as for (B) but using DiscoverX CHO-K1 hGCGR cells. Data
presented as mean + SEM.
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As antagonists and receptor-selective peptides could not be used in vivo to define
which receptor was responsible for the improvement in glycaemia observed in
SRB103GIn3-treated mice, the next strategy was to produce receptor knockout mice.
As initial data suggested SRB103GIn3 may be biased toward cAMP production at the
GCGR compared to SRB103His3, mice with the GCGR knocked down were used to
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evaluate the glycaemic response to an IPGTT after SRB103 peptide administration.
Here, mice with the Gcgroxfiox gene were crossed with either Actb-cre-ErT2 mice to
produce a global tamoxifen-inducible GCGR knock out line (Actb-cre-erT2:Gegrm or
Gcgr--), similar to that previously describedsss (here the Actb promoter is used rather
than Rosa26), or Alb-cre (under the Albumin promoter) to produce constitutive
hepatocyte-specific GCGR knock out mice (Alb-cre:Gcgrim or Gegrnep--)735. See Figure

4.6 for a schematic of the generation and use of transgenic mice.

Gcegrher’-
Gear*
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Tissue harvested for gPCR:

= 1 week after tamoxifen gavages — ~7 weeks old (Gegr”)
= After IPGTT tests — ~11 weeks old (Gegrier-)

Figure 4.6 - Schematic of either constitutive hepatocyte-specific or conditional global Gcgr-- mice

Constitutive hepatocyte-specific Gcgr-/- mice were generated by crossing Gcegrin mice with Alb-cre mice.
Conditional global Gcgr+~ mice were generated by crossing Gcgrwn mice with Actb-Cre-ERT2 mice, and
homozygous pups were administered 100mg/kg tamoxifen by oral gavage for 5 consecutive days aged six
weeks and left for a week for thorough knockdown. Aged 6-weeks, Gegrrep-- mice were used for IPGTTs, and
4 weeks later tissue harvested for gene expression analysis. At 6-weeks, some Gcgr-- mice were culled for
tissue, whilst others were taken forward for IPGTT testing.

Whilst it was not possible to collect sufficient tissue samples for comprehensive
statistical analysis, preliminary analysis (Figure 4.7) of Gcgr expression in different
tissues indicated that Gcgrnep-~ mice showed efficient knockdown in the liver, with a
small reduction in the kidney, of which the significance is unknown. Interestingly,
global Gcgr-- mice show a similar pattern of knockdown as the hepatocyte-specific
knockdown Gcgrnep-- mice, with less prominent changes in kidney. The small numbers

used here (n=1-5) make it difficult to draw conclusions about this finding in a “global”
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knockdown model but may be a consequence of differential uptake of tamoxifen after

oral gavage.
o wt ® klo
Figure 4.7 - Quantitative mRNA
expression analysis of hepatocyte-
A GegrP* qPCR B Gegr” qPCR specific and global Gegr- mice
200/ 2004 mRNA measured in homogenised liver
2 or kidney samples from wild-type (wt,
& 1504 150+ ° black) and knockout (k/o, red) mice. (A)
S 100 100- Alb-Cre Gegr.- (n=3) and (B) ERT-Cre
ﬁ ° Gegr+ (n=1 & 5). Data presented as
§ 50 50- mean + SEM. No statistical analysis
w N N could be performed.
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IPGTTs were performed as previously described, acutely and 4 hours post peptide
administration. Both male and female mice were used to allow identification of sexual
dimorphism. Here, three-way ANOVA was used to analyse statistical significance
between the AUCs by treatment, time (acute and 4 hour response) and genotype (wild-
type or knockout). In Gcgrrep-~ wild-type males, the expected anti-hyperglycaemic
advantage of SRB103GIn3 versus SRB103His3 at 4 hours was seemingly maintained
(Figure 4.8A, top panel), although the relatively small numbers of mice used (n=5-8)
meant there was no statistical difference between the AUC of the two peptides either
acutely (0.46 + 0.04 versus 0.48 £ 0.05M.min; three-way ANOVA, P>0.05) or after 4
hours of treatment (0.36 £ 0.04 versus 0.51 £ 0.09M.min; P>0.05) (Figure 4.8A, bar
chart). Importantly, in keeping with the known phenotype of this mousesss, male
Gcgrnep-- showed significantly better glucose tolerance compared to wild-type males
after vehicle treatment (P<0.05) (Figure 4.8A, bar chart), making assessment of
peptide treatment effects difficult to discern. Indeed, no additional anti-hyperglycaemic
effect of either peptide versus vehicle was detectable during the acute GTT although,
interestingly, the expected divergence between SRB103GIn3 and SRB103His3 after
4 hours was lost. Inter-genotype statistical comparison indicated similar glycaemia
between wild-type and Gcgrmep~- males treated with either peptide, suggesting
presence or absence of the hepatic GCGR did not affect their anti-hyperglycaemic
properties. Female wild-type and Gcgrrep-- mice showed no significant difference in
AUC between any treatment acutely or at 4 hours (all P>0.05), however the trends

remained similar to those observed in males (Figure 4.8B).
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Figure 4.8 - Glucose tolerance in hepatocyte-specific or global Gegr-- mice

Homozygous fI/fl C57BL/6Jmice (6-10 weeks) were fasted for 4 hours and i.p. co-injected with 2g/kg glucose
with 10nmol/kg of SRB103His3 (blue), SRB103GIn3 (red) or vehicle (black) for the acute study, and then
injected with 2g/kg glucose a further 4 hours later for the 4-hour study. (A) Blood glucose levels in wild-type
(top) and knockout (k/o, middle) Alb-Cre hepatocyte-specific Gegr-~ male mice, with area under curve (AUC,
bottom) for change in blood glucose between wild-type (black) and knockout (k/o, grey) mice, n=6/8. (B) as for
(A) but in females, n=4/5 (C) as for (A) but in ERT-Cre whole-body Gcgr-- males, n=5/6 (D) as for (C) but in
females, n=3/4. Data presented as mean + SEM. Significance calculated by three-way ANOVA with Tukey post
hoc test. **** P<0.0001; *** P<0.001; ** P<0.01; * P<0.05; ns — not significant (P>0.05).

To investigate whether this was a liver-specific effect, Gegram:Actb-cre-ErT2 Were bred.
As constitutive whole-body Gcegr-- strains show significant islet morphological changes
(e.g. alpha cell hyperplasia), as well as elevated circulating GLP-1 concentrations
which can affect validity of findingssss4, a tamoxifen-inducible Gegr-~- model was used
which has been shown to mitigate these adaptive but confounding factors for
approximately two weeks after the loss of GCGR expressioness. As in Gcgrhep-- mice,
global Gcgr-~ mice showed significantly reduced glycaemia after acute (three-way
ANOVA, P<0.0001) and 4-hour vehicle treatment (P<0.001) (Figure 4.8C, top and
middle panel). In wild-type males, acute SRB103GIn3 and SRB103His3 treatment did
not have an impact on glycaemic response compared to vehicle (P>0.05), but the 4-
hour treatment response showed a similar pattern to that observed previously, with
SRB103GIn3 producing a greater (albeit statistically not significant due to small
number used) improvement from vehicle than SRB103His3 (0.32 £ 0.02 and 0.40 +
0.03 versus 0.63 £ 0.05M.min; P<0.0001 and P<0.001 respectively).

Similar to Gcgrrep-- males, the reduction in hyperglycaemic response was markedly
increased acutely for all treatments in Gcgr-~ mice, with vehicle and SRB103His3-
treated mice showing the same anti-hyperglycaemic response as SRB103GIn3
treatment (P>0.05). Again, both wild-type and Gcgr-- females showed a similar trend
as seen previously, but no significant difference between the treatments at each
timepoint (Figure 4.8D) (P>0.05). Differences in anti-hyperglycaemic ability between
SRB103GIn3 and SRB103His3 were also not significantly different when data for both

sexes was combined (P>0.05; data not shown).

In vitro data suggest a reduction in B-arrestin recruitment elicited by SRB103GIn3, at
both GLP-1R and GCGR. Phenotypically, SRB103GIn3 treatment reduces glucose-

induced hyperglycaemia by increasing insulin secretion (Figure 4.2C). This implies
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that the recruitment of $-arrestin to either receptor in the insulin-secreting 8 cell might
reduce the ability of dual GLP-1R/GCGR agonists to correct glucose-induced
hyperglycaemia. To investigate this possibility, treatment responses in lean and DIO
islet cell specific (Pdx71-Cre) B-arrestin-2 knockdown (Barr2g-~) mice, kindly gifted by
Dr Stavroula Bitsi and Dr Alejandra Tomas (Section of Cell Biology, Imperial College
London), were investigated. IPGTTs were performed at 4-hours post-treatment in lean

mice, and acute and 4-hours post treatment for DIO mice.

In DIO Barr2p-~ male mice, SRB103GIn3 and SRB103His3 were similarly efficacious
at producing anti-hyperglycaemic effects 4-hours post administration in both the wild-
type (Figure 4.9A, top panel) and Barr2g~ mice (Figure 4.9A, middle panel) (Three-
way ANOVA; P>0.05). Contrary to the hypothesis derived here, that genetic ablation
of B-arrestin-2 transcription would increase the anti-hyperglycaemic abilities of both
peptides, Barr2s+~ mice appeared to show slightly (albeit without statistical
significance) less of a response to either peptide compared to wild-type mice, as
Barr2p-~- mice had increased but insignificant AUC compared to the wild-type mice for
both SRB103His3 (0.55 + 0.05 versus 0.46 £ 0.03M.min; P>0.05) and SRB103GIn3
(0.51 £0.06 versus 0.34 £ 0.03M.min; P>0.05) (Figure 4.9A, bottom panel). In females
(Figure 4.9B), Barr2g-- displayed a trend to decrease the AUC of 4h IPGTT after
treatment of vehicle (0.80 + 0.08 to 0.67 £ 0.07M.min; P>0.05), SRB103His3 (0.51 +
0.03 to 0.39 £ 0.04M.min; P>0.05) or SRB103GIn3 (0.38 £ 0.03 to 0.34 + 0.03M.min;
P>0.05) in keeping with the role of B-arrestin-2 in controlling the response to SRB103
peptides, however none of these comparisons reached significance. In lean mice,
there was a very small but not significant reduction in AUC between wild-type and
Barr2g-- in male mice treated with SRB103GIn3 (0.40 + 0.03 versus 0.36 = 0.02M.min;
P>0.05) or SRB103His3 (0.58 + 0.03 versus 0.56 £ 0.07M.min; P>0.05) (Figure 4.9C).
This finding was corroborated in female mice (SRB103GIn3 — 0.46 + 0.05 versus 0.40
+ 0.03M.min, SRB103His3 — 0.56 + 0.04 versus 0.49 + 0.03M.min; both P>0.05)
(Figure 4.9D).
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Figure 4.9 - Glucose tolerance in lean and DIO Barr2g.- mice

Barr2p- C57BL/6J mice were fasted for 4 hours and i.p. co-injected with 2g/kg glucose with 10nmol/kg of
SRB103His3 (blue), SRB103GIn3 (red) or vehicle (black) for the acute study, and then injected with 2g/kg
glucose a further 4 hours later for the 4-hour study. (A) Blood glucose levels in wild-type (top) and knockout
(k/o, middle) DIO Pdx17-Cre {3 cell-specific BArr-- male mice (7-9 months), with area under curve (AUC, bottom)
for change in blood glucose between wild-type (black) and knockout (k/o, grey) mice, n=5/6. (B) as for (A) but
in females, n=5/7. (C) as for (A) but in lean mice (4-6 months) and only a 4-hour study was performed, n=5/7.
(D) as for (C) but in female mice, n=9. Data presented as mean + SEM. Statistical analysis performed as either
three-way ANOVA [(A) & (B)] or two-way ANOVA [(C) & (D)] with Tukey post hoc test. Ns- not significant
(P>0.05).

Collectively, these data do not identify a critical role for 3 cell B-arrestin-2 in the control
of whole body glucose73s. Moreover, no significant or reproducible improvement in
anti-hyperglycaemia was observed with SRB103 peptide treatment in Barr2g.-
knockdown mice, suggesting B-arrestin mediated effects are not a significant factor in

the prolonged anti-hyperglycaemic phenotype witnessed of SRB103GIn3.

1 2 5 Acut c off F SRB103 ides in |  DIO wild-
mice

Studies presented above illustrate how SRB103GIn3 demonstrates promising anti-
hyperglycaemic properties, suggesting biased dual agonists can indeed improve
therapeutic efficacy. To determine whether SRB103GIn3 could induce changes in food
intake as it did with anti-hyperglycaemia, lean and obese C57BL/6J wild-type mice
were fasted overnight and energy intake after refeeding was measured the next day,

30 minutes after peptide administration.

Lean mice treated with SRB103His3 and SRB103GIn3 showed no statistically
significant difference in food intake by the end of the 8-hour study (Two-way ANOVA,
P>0.05) (Figure 4.10A), but there was a clear trend favouring enhanced anorectic
efficacy for SRB103GIn3 treatment. In lean mice, SRB103GIn3 was the only treatment
which resulted in a significant reduction in 8-hour food intake compared to vehicle
treated mice (P<0.01). Four more pairs of GIn3/His3 pairs were assessed for their
ability to control acute food intake in lean mice (Table 4.2). However, only one of the
GIn3 dual agonists causing a significant reduction in food intake compared to the His3

corresponding peptide (P<0.05).
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In obese mice, SRB103His3 and SRB103GIn3 treatment significantly reduces food
intake compared to vehicle over the 8-hour period recorded (P<0.001 for SRB103His3;
P<0.0001 for SRB103GIn3). Moreover, similar to observations in lean mice,
SRB103GIn3 treated mice showed a greater reduction in food intake compared to
SRB103His3 treated mice but did not reach significance (0.6 + 0.1g versus 1.0 £ 0.2g
respectively; P>0.05) (Figure 4.10B).

—e— \Vehicle —e— SRB103His3 —eo— SRB103GIn3

A B
Lean DIO
2.54 2.5
- 2.0
=
e 1.51
I
£
g 1.0 :I ns
(]
L 05 4
0.0 T T . .
0 2 4 6 8
Time (hr) Time (hr)

Figure 4.10 - Effect of SRB103 peptides on acute food intake in lean and DIO mice

Male C57BL/6 mice were fasted overnight and injected i.p. with 10nmol/kg SRB103His3 (blue), SRB103GIn3
(red) or vehicle (black) 30 minutes before refeeding (dotted line). (A) food intake in lean mice (3 months, n=8).
(B) as for (A) but in DIO mice (6 months, n=10). Food intake corrected from baseline food weight. Data
presented as mean + SEM. Statistical analysis performed by two-way ANOVA with Tukey post hoc test. ****
P<0.0001; *** P<0.001; ** P<0.01; ns — not significant (P>0.05).

His1 GInl His2 GIn2 His3 GIn3 His4 GIn4
Food (g) 26+01 | 1.9+0.1 * 19+0.1 | 1.6+0.1 ns 19+0.2 | 1.9+0.1 ns 20+0.1 | 1.9+0.1 ns

Table 4.2 - Effect of four more GIn3/His3 dual GLP-1R/GCGR agonists pairs on food intake in lean mice.
Mice were fasted overnight and refed standard chow 30 minutes post i.p. administration of 10nmol/kg
His3/GIn3. Food intake was recorded over a period of 8 hours, n=10. Data presented as mean + SEM. Data
analysed by two-way ANOVA with Tukey post hoc test. * P<0.05; ns — not significant (P>0.05).

This suggests that Gas-favoured signalling of dual GLP-1R/GCGR agonists affects the
control of food intake and should be considered when analysing their effect on general

energy metabolism for the treatment of obesity and associated metabolic diseases.
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4.3 Discussion

In this chapter, the two dual agonists identified in the previous chapter, SRB103GIn3
and SRB103His3, were examined in vivo to investigate the effect of CAMP/Gas-
favoured signalling with dual GLP-1R/GCGR agonists in the context of energy
homeostasis. Identification of receptor dependency for observed physiological effects
was then attempted using both pharmacological and genetic approaches. The main

results from this chapter are as follows:

1) SRB103GIn3 and SRB103His3 are equally efficacious at reducing
hyperglycaemia acutely in lean and DIO mice.

2) After prolonged treatment (4 or 8 hours) SRB103GIn3 enhanced anti-
hyperglycaemic efficacy compared to SRB103His3.

3) Molecules designed to antagonise the receptor, or dual agonists designed to
specifically activate one receptor and not the other, were not efficient at
elucidating which receptor was responsible for the anti-hyperglycaemic effects.

4) In hepatocyte-specific and global Gcgr~ mice, vehicle and SRB103His3
treatment results in improved anti-hyperglycaemic response. Barrg/- mice
displayed no difference in anti-hyperglycaemic control.

5) There is a small but not significant reduction in energy intake after SRB103GIn3
administration compared to SRB103His3.

' 31 SRB103GIn3 i ./ | c tf SRB103His3
extended timepoints

Previously, it was shown that Ex-Phe1, a weak GLP-1RA with minimal B-arrestin
recruitment, possesses improved anti-hyperglycaemic efficacy after longer treatment
timesz7e, correlating with Ex-Phe1 increased insulin secretion at these later timepoints
due to reduced GLP-1R desensitisation and/or internalisation. In the previous chapter,
SRB103GIn3 showed reduced B-arrestin recruitment at both the GCGR and GLP-1R
(Figure 3.4); therefore, the possibility is raised that SRB103GIn3 may support more
prolonged signalling and therefore more prolonged metabolic effects via action at
either receptor. In mice, after acute peptide treatment, anti-hyperglycaemic efficacy of
SRB103His3 and SRB103GIn3 were similar during an IPGTT (Figure 4.2A) but, after

Philip Pickford 130



Biased Signalling of Dual GLP-1R/GCGR Agonists

4 hours and 8 hours of peptide treatment, SRB103GIn3 showed superior anti-
hyperglycaemic abilities. This is in keeping with findings from the previous chapter, in
which it was postulated that prolonged cAMP signalling in Huh7 cells after
SRB103GIn3 treatment arose from reduced GCGR desensitisation and/or
internalisation. The fact that SRB103His3, which maximally recruits B-arrestins at both
receptors, performs as poorly as vehicle 8 hours post injection (whereas SRB103GIn3
is still therapeutically active) might be attributable to desensitisation. As there is no
difference in PK, it might be suggested that SRB103His3 causes receptor
desensitisation/internalisation to the point that circulating agonist concentrations fall

below a threshold required to engender an anti-hyperglycaemic response.

The mechanism by which SRB103GIn3 exerts its superior anti-hyperglycaemic effects
appears to be via increased insulin secretion, as suggested in Figure 4.2C. Here,
SRB103GIn3 increased insulin secretion four-fold 4 hours after peptide administration
compared to SRB103His3. Neither peptide caused a significant rise 8 hours post
peptide treatment. This is surprising given the fact SRB103GIn3 still elicits anti-
hyperglycaemic effects but may be explained by increased insulin sensitivity caused
by a total of 9 hours of fasting (1-hour pre peptide and 8 hours during peptide
administration), or by poor precision of the HTRF at minute concentrations masking
small iterations in insulin secretion. Other long acting incretin therapies have observed
much greater dose-dependent insulin secretion in mice at time points extending
beyond 8 hoursass,737, suggesting the SRB103 peptides are almost fully degraded in
the system by 8 hours but enough remains for SRB103GIn3 to be anti-hyperglycaemic.

Due to the recent finding that GCGR activation can lead to a paradoxical increase in
insulin sensitivityse4, ITTs were performed after administration of SRB103 peptides to
identify if prolongation of GCGR signalling by SRB103GIn3 might underpin its more
sustained anti-hyperglycaemic effect. However, no difference in insulin sensitivity was
observed in lean mice at three separate doses of insulin (Figure 4.2E).Given the
peptide-specific differences in blood glucose before the insulin bolus was administered
(i.e. 4 hours post agonist administration), a more sophisticated technique such as
hyperinsulinaemic clamping may be required to confirm whether subtle differences in
insulin sensitivity are evident after treatment with either SRB103 compound. Whilst

GCGR activation is linked to increased insulin sensitivityses, G protein-bias at the GLP-
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1R has been shown to not affect ITT-mediated insulin tolerancesoz2. This would agree
with the results from the NanoBit assay which suggests SRB103GIn3 more actively
signals toward Gas compared to SRB103His3 at the GLP-1R, and neither SRB103

peptide shows any difference in insulin sensitivity in their ITT.

Differences in pharmacokinetics could potentially confound the difference in 4- and 8-
hour anti-hyperglycaemic effect between SRB103GIn3 and SRB103His3. DPP-IV acts
at the second amino acid in OXMz730,731, on which the SRB103 peptide sequences are
based, although the AIB substitution in the SRB103 peptides is expected to confer
significant protection against DPP-IV proteolysis73s. Nevertheless, it was important to
investigate whether altering the third amino acid (GIn3 versus His3) affected DPP-IV
activity. However, 4-hour plasma samples showed similar circulating levels of both
peptides and both SRB103 peptides show similar DPP-IV lysis profiles in vitro (Figures
4.2F & G). Whilst this method of DPP-IV efficacy analysis isn’t completely valid, as it
does not encompass first-pass metabolism into account as well as other physiological
factors, it represents a basic model of peptide breakdown which is useful to show large

differences in intrinsic DPP-IV effects.

In the present series of studies, no GLP-1 mono-agonist was used in the acute studies
as a comparator. It would have been interesting to investigate how SRB103GIn3
compared to GLP-1R agonists marketed for diabetes treatment, such as exenatide,
semaglutide or liraglutide, or even a biased GLP-1R agonist such as Ex-Phe1. Acutely,
dual agonists have been shown to display similar anti-hyperglycaemic abilities to GLP-
1R agonists227,228, but this has not been investigated using a delayed IPGTT approach
to allow for differences in receptor desensitisation. Similarly, a lean cohort was not
used as a secondary control (alongside vehicle as a primary control) for the DIO
studies. It would be interesting to repeat the acute IPGTTs with lean and DIO
comparators to discern the effect of high fat feeding on glycaemia, and explain whether
the similar baseline glycaemic levels observed between lean and DIO mice was a true
observation, or due to stress exacerbating the lean mice baseline glycaemia (as is

more likely).
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1 3 2 Py ogical : il i hicl .
responsible for the SRB103GIn3 phenotype

The results discussed in section 4.3.1 highlight distinct insulinotropic capabilities of
the SRB103 peptides arising at prolonged treatment periods. The insulinotropic and
anti-hyperglycaemic properties of SRB103GIn3 resemble those of the G protein-
biased GLP-1R agonist Ex-Phe1276. However, NanoBIiT recruitment assays suggest
that SRB103GIn3 shows selective reductions in B-arrestin-2 recruitment at the GLP-
1R and partial agonist at the GCGR (Figure 3.4C & D), whereas PathHunter and cAMP
assays suggest SRB103GIn3 is biased at the GCGR and a balanced agonist at the
GLP-1R (Figure 3.3A). Whilst GLP-1R is classically associated with augmenting 8 cell
insulin secretion, GCGR agonism has also been linked to increased insulin secretion
both in vivo and ex vivo12,390,391,394, raising the possibility that the phenotype described

in section 4.2.1 could originate from effects at either or both receptors.

In this study, long-lasting antagonists (Acyl-DHG and Acyl-Ex9) were designed based
on previously used DesHis1-[Glu9]-glucagon(1-29) amide733s and exendin9-39732 to
inhibit the individual receptors to confirm receptor contributions to the phenotype. The
extended fatty acid was attached to the C-terminus of the peptide as to not affect
binding of the peptide to the orthosteric site. However, in vitro analysis showed the
antagonist activity of both ligands was mild at best when cognate ligand (Figures 4.4A
& B). In fact, acyl-DHG acted as a weak GCGR agonist, therefore there was no
observable concentration of Acyl-DHG which both inhibited glucagon and did not itself
activate the GCGR. Therefore L-168,049, an oral, non-competitive antagonist, was
investigated as an alternative. Despite displaying promising in vitro antagonism of
glucagon (Figure 4.4C, left), and a high reported affinity for the GCGR, L-168,049
surprisingly increased hyperglycaemia compared to glucagon alone in mice (Figure
4.4C, right). It has been reported that L-168,049 is approximately twenty-fold weaker
at the murine GCGR compared to human GCGR with limited abilities to block
glucagon-induced hyperglycaemia, even at 50mg/kg734. As the CHO cells used for in
vitro verification express the human receptor and mice express a different isoform of
the receptor, this disparity in antagonist affinity was missed. This emphasises the

necessity to validate in vitro and in vivo data in the same species’ receptor.
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The secondary approach was therefore trialled based on receptor-selective peptides
was opposing to the idea of blocking signalling at one receptor to visualise the effects
of the SRB103 peptides at the other receptor. Here, the rationale was to produce
peptides based on SRB103 which contained the GIn3/His3 switch but favoured
signalling at one receptor over another. In the cAMP screening assays using
analogous peptides, addition of tyrosine at position 1 and serine at position 18 resulted
in ablation in signal at the GLP-1R and GCGR respectively. |Ideally, two dual agonists
with tyrosine at position 1 and either GIn3 or His3 would result in two agonists which
maintained the GCGR phenotype previously seen but equally lacking potency at the
GLP-1R. However, GIn3Tyr1 displayed twenty times greater potency at the GLP-1R
compared to His3Tyr1, which would be a greatly confounding factor in in vivo
glycaemic control between the two Tyr1 peptides. Whilst unpredictable, this failure is
not surprising. As discussed in the previous chapter, single amino acid substitutions
along the ligand will affect its tertiary structure and consequently the quaternary ligand-
receptor complex, and in the case of dual agonists, this can be specific to one receptor

over another.

Reversible antagonists have benefits over transgenic lines as they don’t have
underlying physiological differences, therefore antagonists are suitable to look to
repeat with more time available. Different methods of blocking the GCGR are
available, which could be investigated in the future. Monoclonal antibodies have been
used which show robust antagonistic abilities at the murine GCGR739,740, and other
non-competitive GCGR antagonists are currently in developmentzz4. At the GLP-1R,
non-competitive antagonists are available with extended pharmacokinetics, and is

validated as blocking Ex4-mediated insulin secretion in rats741.

133 H i fic | d e . !
tolerance

Despite previous studies highlighting the efficacy of commercially available
antagonists and the attempted development of receptor selective dual agonist switch
maintained the biased signalling profile seen previously, it was still not possible to
elucidate which receptor was responsible for the phenotypic differences observed.

Therefore, hepatocyte-specific or conditional global knockdown mice were generated
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to identify the GCGR-dependant component of therapeutic response to SRB103
peptides (Figure 4.7). GCGR knockdown mice have been widely used to validate
GCGR antagonists as potential anti-diabetic therapies, to investigate glucagon
physiology2s3,3ss,682,685 and to delineate the role of the glucagon receptor with dual
GLP-1R/GCGR agonist treatmentssz,729.

In both Gegrnep-- and Gegr-~ mice a major improvement in overall glycaemic control
was observed (Figure 4.8 and 4.9). Previously, it has been shown that both global
knockdown and hepatocyte-specific GCGR knockdown mice display compensatory
mechanisms which produce a physiological change such as 3 cell hyperplasia and
increased circulating concentrations of glucagon and GLP-1354. These will likely all
contribute to the glycaemic phenotype seen in both Gegr knockdown lines used in the
present study. As seen in lean and DIO mice previously, SRB103GIn3 treatment
produces a repeated (but not statistically significant) improvement in anti-
hyperglycaemic effects than SRB103His3 after 4-hours of treatment in wild-type males
and females (Figure 4.8). However, any divergence between SRB103His3 and
SRB103GIn3 at 4-hours was lost in all knockout groups (hepatic/global and
male/female), suggesting that in the wild-type mice, signalling at the GCGR (or lack
thereof if SRB103GIn3 is a partial agonist) is important to the therapeutic phenotype
of SRB103GIn3. Again, it is key to reiterated that GCGR knockout mice display
significantly improved glucose tolerance, therefore it is harder to detect any agonist-
related differences between SRB103His3 and SRB103GIn3. Therefore, the lack of any
difference in observed response is not necessarily indicative of the fact there is no

effect (i.e. it could be a false negative).

Both Gcgr knockdown models used here displayed lower glycaemia than their wild-
type littermate controls. In both males and female Gcgrnep-~- mice, SRB103 peptide
treatment resulted in greater (but not significant) anti-hyperglycaemic effects 4-hours
post-peptide administration compared to vehicle treatment, when the divergence in
peptide effect is most apparent (Figure 4.8A & B, middle panel). Opposingly, in the
Gcegr-- mice, no treatment difference was observed between peptide- or vehicle-
treated mice at the 4-hour timepoint, as the glucose bolus produced a smaller peak
response in the vehicle-treated group compared to Gcgrrep--. This suggests that the

improved glycaemia in the Gcgr-- could relate to ablated GCGR signalling outside of
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the primary hepatic site of GCGR activity. However, as discussed previously, the other
alternative for this finding is that there is an increased secretion of GLP-1, which has
been shown to be upregulated after Gecgr knockdownsss, resulting in greater incretin-
mediated improvements in glucose control. However, as SRB103GIn3 displayed
increased insulinotropic abilities, a B cell-specific Gegr knockdown strain should also
be used to uncover whether the mechanism by which SRB103GIn3 exerts a greater
insulinotropic effect is mediated by signalling at the GCGR, or GLP-1R. Studying the
contribution of GCGR signalling at the B cell in the context of dual agonists has not
been performed before, therefore expanding this to implicating bias as well would be

exciting.

The current study also replicated the finding that female wild-type mice display a slight
improvement in glucose control compared to males742-744. Here, using AUC as a
measurement of total glucose tolerance, vehicle-treated wild-type female mice display
repeated, but non-significant, improvements in glucose control versus their male
littermate equivalents (P>0.05). In the Gcgrrep-~ cohort, a mean AUC during IPGTT of
0.71 £ 0.05M.min versus 0.63 = 0.13M.min was observed for wild-type males and
females respectively after acute vehicle administration; the equivalent IPGTT AUC
results after an additional 4-hours fasting was 0.75 £ 0.06M.min versus 0.51 £ 0.16. A
similar comparison in the Gcgr-- cohort, where wild-type mice show AUCs of 0.72 +
0.04M.min versus 0.65 £ 0.06M.min acutely and 0.63 £ 0.05 versus 0.55 = 0.2M.min
after 4-hours for wild-type males and females. In the present study, female mice were
included to confirm sex dimorphism in the context of dual GLP-1R/GCGR agonists,
which hasn’t been reported before. Additionally, inclusion of females was used to
increase statistical significance, as male mouse numbers were lower than that
performed in earlier studies in wild-type mice. However, addition of female mice failed
to improve the resolution of statistical significance (data not shown). Mechanisms
behind the apparent dimorphism were not investigated, but there is evidence for
incretin and neuroendocrine response dimorphism both mice and humans which affect
glucose homeostasis. Firstly, human studies show that, for an identical glucose dose,
women display greater levels of insulin secretion and sensitivity74s. In mice, Yassine
et al. showed a common human GIPR single nucleotide polymorphism (Q354), results
in greater systemic glucose control in females but not males (paper not published yet).

Humans display sexual dimorphism is present with regards to incretin-mediated
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insulinotropic effects746, where females display greater diabetic correction and weight
loss after year-long exenatide treatmentrs7. Finally, disruption of GLP-1-mediated
control of glucagon secretion appears to more greatly affect female mice than males,
suggesting females display greater suppression of postprandial glucagon secretion
through a GLP-1-mediated pathway, whereas males may be able to compensate
through other pathways74s. Cumulatively, these studies highlight separate

mechanisms by which females used in the present study may be

As SRB103GIn3 is predicted to elicit its effects at extended time-courses due to
reduced (-arrestin-mediated target receptor desensitisation and/or internalisation in
the B cell-specific, B-arrestin knockdown mice were also assessed. If SRB103GIn3 is
more anti-hyperglycaemic after chronic treatment due to reduced (-arrestin-mediated
internalisation, SRB103His3 should be more anti-hyperglycaemic when B-arrestin is
knocked out. Pancreatic B-arrestin-1 and -2 mice (using Pdx7-Cre) have been shown
to have greatly impaired insulin secretion compared to wild-type mice2s1,73e.
Interestingly, in a previous study in which B-arrestin-2 was specifically knocked out in
B cells, differences in glucose tolerance was only observed in male DIO mice and not
lean73s. In the present study, however, no genotype-derived difference in baseline
glucose tolerance was seen in either lean or DIO mice. Other pancreatic-specific Cre
drivers have been reported and these depend on species, cell-type and developmental
status of the progenitor cell, however there can be “leaky” expression of these primers
in central tissuer49. Pdx1 is expressed in the pre-pancreatic endodermal cells and is
therefore expressed in all pancreatic tissue, however there is also minimal
recombination in duodenum, stomach and hypothalamus7so,751. Regardless, it
provides stringent pancreatic-wide knockdown of the gene. Initial expression analysis
provided by Dr Stavroula Bitsi show that approximately 60% knockdown is achieved
in the whole islet, which likely translates to near total knockdown in the (B cell
population once the contribution from other islet cell types is factored in. A
compensatory increase in pancreatic $-arrestin-1 may account for a lack of effect in
B-arrestin-2 knockdown mice, however this has not been reported in the Pdx7-Cre [3-
arrestin-2 knockdown mouserss. Nevertheless, producing a double B-arrestin

knockdown line may be necessary.
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There are many future experiments that the transgenic mice described here would be
useful for. With regards to IPGTT studies, increasing the numbers of mice used in the
acute IPGTTs would be useful to further prise any statistical significance between wild-
type and knockdown mice. It would also be valuable to test the SRB103 peptides in
GLP-1R mice to confirm if the acute effects of SRB103GIn3 treatment are linked to
GLP-1R signalling. Dual GLP-1R/GCGR agonists have been shown to become more
hyperglycaemic when the GLP-1R is knocked outs31, and thus it has been interpreted
that all anti-hyperglycaemic abilities of dual agonists are chiefly related to its
pharmacology at the GLP-1R. There is a gap in literature in looking at the effect of
acute glucose tolerance in mice where either the GCGR or GLP-1R has been knocked

out, especially in the context of biased dual agonists.

Another therapeutic parameter that is important to consider for anti-obesity/anti-
diabetic drugs, such as dual GLP-1R/GCGR agonists, is their effect on energy intake.
From a therapeutic perspective, anorectic effects observed in acute feeding studies
can be interpreted in opposing ways. Firstly, reduced food intake can be seen as
positive as it reduces net caloric intake which leads to weight loss, itself linked to
improvements in diabetes129-132. alternatively, marked reductions in acute food intake
might be indicative of nausea, the main adverse effect of GLP-1R agonistsazs.
Moreover, feeding is associated with activation of hedonistic and reward pathways7s2,
and most diets fail when the central caveat of the diet is reducing portion size7ss. A
drug that makes the patient feel unwell and lose the pleasurable aspects of eating

could lead to poor compliance.

In this chapter, acute food intake between the low efficacy compound SRB103GIn3
and balanced SRB103His3 was measured in both lean and DIO mice (Figure 4.10).
Interestingly, there was no statistical difference in food intake between SRB103GIn3
and SRB103His3 in either model. There was, however, an observable trend of
reduced food intake in SRB103GIn3-treated mice, and in lean mice at 4 hours post
injection there was a significant difference in food intake between mice injected with
the two peptides (P<0.001). This may suggest that the effect of the dual agonists is
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depleting after 4 hours as it gets degraded, and therefore food intake in SRB103GIn3-

treated mice compensates by catching up to SRB103His3-treated mice.

A major caveat with this study is that it was performed in the light phase, when mice
are typically sedentary7s4. Indeed, resting (light) phase testing has been shown also
to negatively impact behavioural and social parameters in mice, resulting in reduced
food intake relative to dark phase testing7ss. This may be bypassed by allowing
adaptation to the shift in feeding7ss. In this study, resting phase testing may mask the
true effect of SRB103 peptides on food intake behaviour. It would be interesting in
future to investigate SRB103 effects on satiety in the dark phase to confirm no

difference in normal feeding behaviour between the biased and unbiased compound.

The mechanism as to why SRB103GIn3 treatment tends to reduce food intake is likely
GLP-1R mediated. It is disputed as to whether glucagon or GCGR agonists reduce
food intake or not. Effects of GCGR agonism on food intake are likely dose-related
(i.e. high dose leads to nausea which leads to reduced food intake) as opposed to
GCGR having any true physiological link to food intake. GLP-1R activation causes
satiation, which results in reduced food intake. However, three examples of cCAMP- or
Gas-biased GLP-1R agonists do not significantly reduce food intake compared to
balanced agonists276,502,520. There are two different possibilities for this divergence in
effect of biased GLP-1R signalling. Firstly, it may be that differences are related to
tissue bias between the B cell, the site of insulin secretion, and neurons, where food
intake is controlled. If Gas or cAMP bias is present at the B cell but not neuronally, then
SRB103GIn3 would not be expected to produce a difference in food intake compared
to SRB103His3. The second, less likely theory is that SRB103His3 can more readily
cross the blood-brain barrier (BBB) than SRB103GIn3, and therefore the lack in
sustained signalling evident in SRB103His3 is offset by its ability to more readily
stimulate central GLP-1R. This would make sense as the BBB consists of epithelial
cells which separate blood from cerebrospinal fluid (CSF)7se. If SRB103His3 can more
readily recruit B-arrestin, and thus internalise more rapidly, it may more readily pass
through this endothelial cell layer. However, work performed in the laboratory has
suggested that transport across the BBB is not concomitant with B-arrestin-mediated
internalisation. This could be tested in the future by either collecting CSF and

performing an RIA to confirm circulating concentrations in the central nervous system
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(CNS) or performing in vitro characterisation of the SRB103 peptides’ abilities to pass
through the BBB.

Whilst not central to the main research themes at hand, repeating these acute feeding
studies in the GLP-1R or GCGR knockdown mice could be performed in future to

confirm the receptor responsible for the phenotype observed.

4.3.5 Summary

To summarise this chapter, it has been shown that signalling bias with dual GLP-
1R/GCGR agonists results in an improvement in prolonged anti-hyperglycaemic
response. This translates into a disease model and is therefore a relevant and
interesting finding. The mechanism by which this likely occurs is through a diminished
glucagon receptor signalling and potentially also bias at the GLP-1R (however, this is
still to be confirmed). There are no significant effects seen with satiety and therefore
the effect of the biased dual agonist is possibly pancreatic, however diminished
hepatic signalling is another possibility. Moving forward, the next steps will be to
translate the beneficial acute in vivo effects of SRB103GIn3 on glucose tolerance and

food intake into a chronic study.

Philip Pickford 140



Biased Signalling of Dual GLP-1R/GCGR Agonists

5 Chronic effects of biased GLP-1R/GCGR dual agonist
SRB103GIn3
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5.1 Introduction

541 ng incretin tt ! ineti

Native GLP-1 and OXM have circulating half-lives in humans of approximately 2 and
12 minutes in humans respectively237,423424, making these hormones impractical as a
therapeutic due to their rapid degradation. Therefore, two things are essential for
chronic administration of an incretin drug. Firstly, it must obviously remain efficacious
throughout the duration of dosing to both cause and maintain weight loss and reduce
hyperglycaemia. Secondly, it is critical that the drug has a long residing half-life to
reduce the number of administrations required, increasing the patients’ quality of life
and the probability of patient compliance. The discovery of Ex4 in 1992 from the
venom of Heloderma suspectum accelerated the therapeutic potential GLP-1R mono-

agonists.

Ex4 has a circulating half-life of between 26 minutes and 2 hours in humans299,757.
Ex4, a 39 amino acid peptide, has 53% homology to human GLP-1296, demonstrating
that altering the amino acid sequence of GLP-1 can result in a peptide with reduced
susceptibility to peptidase degradation. This increase in half-life was achieved with no
loss of potency, as Ex4 has similar receptor potency to GLP-1 at the GLP-1R7ss. In
humans, Ex4 administration results in a marked and sustained improvement in
glucose tolerance in both non-diabetic and diabetic patients299,301,759,760. Therefore, a
twice-daily injectable form, exenatide (Byetta®), was approved as an adjuvant for
metformin or sulphonylurea treatment in diabetic patients in 2005301,760. Another
example of a GLP-1R agonist with alterations in amino acid sequence to improve
pharmacokinetics and pharmacodynamics is lixisenatide, a 44 amino acid peptide with
the first 38 amino acids of Ex4 and a 6 lysine residue tail7s1. Like exenatide, the amino
acid additions slightly increase the circulating half-life to approximately 3 hoursrs2.
Lixisenatide also shows four times greater potency to the GLP-1R compared to GLP-
1761,763. Clinical trials show that, in diabetic and non-diabetic humans, daily injections
of lixisenatide for 12 to 52 weeks results in a vast improvement in insulin-secretory
response, HbA1c measurements and glucose regulationzss-7e7. Interestingly, in a study

comparing lixisenatide (once-daily) to exenatide (twice daily), lixisenatide reduced

Philip Pickford 142



Biased Signalling of Dual GLP-1R/GCGR Agonists

postprandial glucose levels to a greater extent and was considered more tolerable,

with fewer side effects7ss.

The more similar a drug is to the endogenous ligand, the less likely it is to elicit an
immunogenic response, which is a clear benefit of designing a peptide-based drug
centred around amino acid substitutions. Compared to other methods used to extend
circulating times, the relative size of amino acid switches is minute compared to non-
peptidergic approaches taken. This reduces steric hindering of ligand-receptor binding
and hence produces a more potent peptide7es,770. However, amino acid substitutions
are still liable to peptidase degradation, and the free circulating drug is still metabolised
rapidly through renal and hepatic clearance mechanisms771. Therefore, the extent to
which pharmacokinetics can be extended just by amino acid switches is limited, when

compared to the non-peptidergic alterations discussed below.

The drugs noted above require at least once-daily administration, if not twice daily.
Due to the short, wave-like PK profiles of these once-daily drugs and the repeated
administration required to maintain therapeutic doses of exenatide and lixisenatide,
patient compliance can be reduced. Therefore, new strategies outside of amino acid
substitutions are used in this drug class to extend PK to reduce administration
frequency. Liraglutide became FDA approved as a treatment for type 2 diabetes in
2010, and for obesity in 2014. It shares 97% sequence homology to native GLP-1,
different only in a lysine is substituted for arginine at position 34 and palmitic acid is
attached by a glutamoyl spacer on the lysine at position 26772. Interestingly, addition
of the fatty acid does not impede potency at the human GLP-1R, something which
limits many sidechain additionsz72. The resulting peptide is 98% bound to albumin and
has an elimination half-life of 13 hours in human, however it is still only suitable for
once-daily dosing77s. Semaglutide is considered the next-generation of GLP-1R
agonists and is possibly the most exciting current GLP-1R agonist on the market. With
an amino acid structure similar to liraglutide, semaglutide also contains AIB at position
2 and a dicarboxylic C18 fatty acid attached to the lysine. The addition of the
dicarboxylic fatty acid is innovative for this drug class, allowing for increased binding
affinity to albumin, and increases elimination half-life to 7 days774. This makes
semaglutide a once weekly s.c. injectable GLP-1R agonist77s, and the steady

circulating state makes it less likely to induce acute nausea which may improve patient

Philip Pickford 143



Biased Signalling of Dual GLP-1R/GCGR Agonists

compliance. Semaglutide has also been approved as an oral drug for T2DM treatment,
however due to extensive Gl degradation, it is administered at approximately 100
times the dose as the injectable form and is taken once daily. Two further GLP-1R
agonists of note are albiglutide and dulaglutide. The former consists of two GLP-1(7-
37) molecules linked by human albumin, resulting in a 645 amino acid product, while
the latter is a GLP-1(7-37) molecule conjugated to an IgG4 immunoglobulin77e777.
These peptides produce good elimination half-lives of five to seven days77s779.
Additional peptide modifications such as acylation27s, addition of cholesterol
moietiess37 and PEGylationsss have similarly been utilised with dual GLP-1R/GCGR
agonists. Whilst the addition of large molecules to small peptides is possible, and such
peptides exhibit clinical evidence for weight loss and diabetes control, large extra-
peptidergic molecules often compromise receptor affinity and potency for improved
circulating half-life. Therefore, further investigation is required to produce a long-

circulating, potent peptide agonist.

The final GLP-1R agonist to discuss is taspoglutide, which was the first once-weekly
GLP-1R agonist to be evaluated in clinical trials7so. The chemical structure of
taspoglutide is simply substitution of AIB into GLP-1(7-36) at positions 8 and 35, sites
of protease degradation7s1. However, what makes taspoglutide novel is the integration
of a zinc chloride (ZnClz2) diluent, creating a s.c. depot allowing for slow release of the
peptide into the circulationzso. In humans phase |l trials, taspoglutide displayed
significant improvements in anti-hyperglycaemic and weight loss abilities with
metforminzso,7e2 and improved HbA1c profiles compared to exenatiderss. However,
phase Il investigation was cut short as injection-site reactions were frequent and a
small percentage of patients suffered anaphylaxis reactions7ss. These results do,
however, suggest that the excipients in the drug formulation can have marked effects

on pharmacokinetics of the drug.

Despite the potential adverse effects which can occur upon extended administration,
in this study the SRB103 peptides will be injected daily using a ZnClzdiluent to improve
the PK of both peptides. As previous work has shown liraglutide has a longer
circulating half-life than the unformulated SRB103 dual agonists, a ZnCl2 diluent was

used to match of circulating half-lives of all peptides in the rodents.
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5.1.2 Analysis of bod ”

Ideally, the perfect anti-obesity incretin would reduce fat mass without any effect on
lean mass. It has been speculated that chronic GCGR agonism would ultimately result
in lean mass loss, as many glucagonoma patients display a distinctive reduction in
lean massss1,357. Acute glucagon administration results in hypoaminoacidaemia,
increased urea production and increases expression of enzymes critical for amino acid
catabolisis in the hepatocyterss,7s5. Chronic GCGR agonism, therefore, also increases
amino acid utilisation during gluconeogenesis. When the circulating pool of amino
acids is depleted by enhanced gluconeogenesis rates, it is hypothesised that muscle
and lean mass is catabolised to replenish the stock. Acute glucagon administration,
however, would not cause a reduction in muscle mass as skeletal muscle does not
express the GCGR. Also Gegr-- mice, and mice treated with a GCGR antagonist, are
not greatly hypoglycaemicsss,ss4; it has been suggested that it is actually cortisol that
provides the gluconeogenic substrates, and glucagon increases the utility of these
substratessso,7se. Therefore, muscle wastage as a consequence of chronic glucagon
agonism is not directly controlled by glucagon but is a secondary response to
prolonged glucagon activity. The implications of chronic GCGR agonism in diabetic
individuals, who would require muscle as a key insulin-sensitive tissue, would
therefore be vitally important. This hasn’t been investigated thoroughly in the context
of dual GLP-1R/GCGR agonists. Consequently, measuring body composition,
including lean and fat mass, after a chronic study including dual GLP-1R/GCGR

agonists is important.

Anthropometry is the most basic method to analyse body composition, describing
body mass, shape and size as well as approximations of adiposity7s7. Measurements
include BMI, abdominal circumference and skinfolds. These basic metrics are useful
for basic body composition analysis and can quickly allow a clinician, researcher or
patient to broach the severity of obesity. However these measurements do not quantify
amounts of different tissue types (fat, lean or water) and BMI has many basic flaws,
including lack of accountability for highly muscular subjects, and a tendency for taller

subjects to have a greater BMI than a shorter person with similar adiposity7ss.

Philip Pickford 145



Biased Signalling of Dual GLP-1R/GCGR Agonists

As anthropometry lacks translation into different body types, more in-depth
investigative techniques are used. Dual-energy X-ray absorptiometry (DEXA)
analyses body composition by evaluating the absorption of high- and low-energy X-
rays. Absorption patterns are distinctive to tissue type, therefore allowing analysis of
the whole body composition7es. NMR, used in magnetic resonance imaging (MRI)
scanning, similarly uses signature properties of fat, lean and water mass to evaluate
whole body composition, however this is the less toxic analysis of hydrogen density
and spin when exposed to a high power magnetroo. In validation studies, DEXA
displays tight precision and reproducibility of measurements, however the accuracy of
the results are generally variable compared to chemical analysis for fat mass, and
studies have shown it overestimates fat mass791,792 and lean mass791. DEXA allows
for the locality of fat mass to be observed which can be useful when dissecting visceral
from s.c. fat. However, this comes at the cost of requiring the animal to be
anaesthetised and exposed to more harmful X-rays. NMR is much less invasive and
much safer, as it doesn’t require anaesthetisation or harmful X-rays and takes less
time than DEXA analysis7e3. Whilst it is shown to underestimate fat and lean massro1,
it is generally preferred for whole body composition for the reasons stated. Indeed, fat
and lean mass can be chemically extracted in terminal studies, and provides the most

accurate measure of fat and lean tissue in animal studies7o1.

513 ronic eff ¢ biased incretin tt .

In the study to date, SRB103GIn3 has been shown to improve acute glucose
homeostasis as seen in IPGTTs. Therapeutically, GLP-1R agonists and dual GLP-1R
agonists are taken repeatedly to prolong weight loss and reduce hyperglycaemia,
therefore increasing the duration of the investigation from acute to chronic studies is
both important and interesting in establishing its potential as a therapeutic. As this
study is the first to describe bias specifically with dual GLP-1R/GCGR agonists, this

translation will be novel and potentially exciting.

One of the key therapeutic outcomes of dual GLP-1R/GCGR therapies in obese type
2 diabetic patients is remission of hyperglycaemia and glucose intolerance. Acutely,
GCGR activation is linked to hepatic glycogenolysis and gluconeogenesis which can

be counteracted by GLP-1R agonism. Indeed studies comparing GLP-1R mono-
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agonists versus dual GLP-1R/GCGR agonists have displayed comparable acute (i.e.
less than one day) 442,631 and chronic4ss, 437,442,729 glucoregulatory abilities in DIO mice,
as well as in man227,228, linked to an improvement in insulinotropic effects with the
addition of GCGR activation to GLP-1R signalling. Alongside improvements in
glycaemic control, addition of GCGR signalling also increases weight loss compared
to GLP-1R signalling alone in humans227,228. Even though GLP-1R agonists have been
shown to cause some weight loss by increasing energy expenditure, as shown by pair
feeding studiesro4, the primary mechanism of GLP-1R-mediated weight loss is
reduced food intake. More recently it has been suggested that incretin therapy may
lead to an improvement in NAFLD, one of the most prevalent liver diseases which is
highly associated with obesity79s,796. GLP-1R agonists have a proven ability in both
mice276,502,504 and humanszo7-soo to reduce hepatic lipid content, separate from any
body weight lowering abilities. However, incorporation of GCGR signalling exceeds
the therapeutic potential of GLP-1R mono-agonists for the treatment of NAFLD
beyond that of GLP-1R signalling aloneasseso1,802. Cumulatively, this highlights the
exciting potential that dual agonism plays beyond simple acute glucose regulation
improvements. The other therapeutic benefits elicited, such as increased weight loss,
increased insulin secretion and improved hepatic outcomes in NAFLD likely all

combine synergistically to create a more efficacious treatment.

With regards to bias at the GLP-1R, acute versus chronic effects are apparent. Three
studies have investigated the implication of GLP-1R bias on acute and chronic
metabolic parameters27es02,504. There was a greater divergence in anti-
hyperglycaemic abilities of all the biased agonists compared to the balanced GLP-1R
agonist, as studies progressed from acute to chronic daily injections. Interestingly, one
biased agonist showed no insulinotropic effectsoz2, but improved HbA1c, whilst the
other two displayed defined improvements in insulinotropic abilities after chronic
administrationz7s,504. Two of the biased agonists showed no effect at reducing body
weight after chronic studies compared to the balanced agonist, however one biased
agonist did elicit an effectsos. Both biased agonists significantly improved hepatic
steatosis scores, independent of overall weight loss, consistent with preclinical and
clinical studies of GLP-1R agonism on liver steatosissosgos. These data suggest
improved metabolic capabilities of biased GLP-1R agonists compared to unbiased

equivalents.
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As addition of GCGR signalling to GLP-1R signalling increases energy expenditure,
and thus weight loss, and improves hepatic steatosis without deleterious effects on
anti-hyperglycaemia, it is possible to envisage that creation of a biased dual agonist
will incorporate the beneficial effects of bias and GCGR signalling into a superior

therapy.

5.1.4 Aims

Having ascertained that SRB103GIn3 displays exciting therapeutic effects acutely, the
aims of this chapter are to:

1) Examine the chronic effect of SRB103GIn3 on body weight, food intake and
glycaemic control.

2) Explore how body composition may be affect by chronic administration of
SRB103GIn3.
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5.2 Results

5 2 1 SRB103GIn3 d . cf . aht |
compared to SRB103His3

Both SRB103 peptides were investigated to explore whether the biased SRB103GIn3
displayed altered therapeutic effects outside of acute anti-hyperglycaemia. To expand
into chronic studies, randomised weight matched groups of DIO C57BL/6J mice
received daily s.c. injections of either SRB103 peptides, the GLP-1R agonist liraglutide
or vehicle at the onset of the dark phase to maximise drug effect. SRB103 peptides
were reconstituted in a ZnClz2-based diluent, developed from previous work in-house,
which allows slow, prolonged release of peptide from a s.c. depot into the circulation.
Two doses were used, which were up-titrated within the first week to prevent excessive
weight loss in the first phase response (see section 2.15). IPGTTs were performed
after two weeks when the peptide-treated groups were approximately weight matched,
with body composition analysed within a couple of days of the IPGTT. Mean starting
weights of the DIO mice were 38.6 + 0.7g and 40.4 + 1.0g for the 50nmol/kg and
20nmol/kg studies respectfully.

By the end of the high-dose study, there was no difference in body weight loss
between the treatment peptides. Peptide treatment resulted in a significant reduction
in body weight by the end of the study compared to vehicle treatment (Two-way
ANOVA; P<0.0001). Groups treated with peptides at 50nmol/kg resulted in a weight
loss of 7.0 £ 0.6g, 8.7 £ 0.7g and 8.9 + 0.9g (P>0.05) for liraglutide, SRB103His3 and
SRB103GIn3 respectively compared to final vehicle-treated mouse weights (Figure
5.1A). Observationally, mice were well-matched for weight loss between each
treatment group until day 14, whereby liraglutide-treated mouse weights appeared to

plateau whilst SRB103 peptide treatment caused sustained weight loss.
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Figure 5.1 - Effect of chronic administration of SRB103 peptides and liraglutide on body weight in
DIO mice

DIO mice were injected subcutaneously with SRB103His3 (blue), SRB103GIn3 (red), liraglutide (green) or
vehicle (black) and body weight measured as indicated. Arrow denotes i.p. glucose tolerance test
performed. (A) Mice initially received 16nmol/kg peptide, then 32nmol/kg (thin line) then finalised at
50nmol/kg (thick line) (n=10). (B) as for (A) but doses were 10, 16.7 and 20nmol/kg (n=10). Data presented
as mean + SEM. Data analysis performed using two-way ANOVA with Tukey post hoc test. Ns — not
significant (P>0.05)

In the groups treated with peptides at 20nmol/kg, a final weight loss of 6.4 + 0.5¢g, 4.9
+ 0.7g and 5.7 + 0.6g was achieved for liraglutide, SRB103His3 and SRB103GIn3
treated mice respectively, of which there was no significant difference between either
treatment (P>0.05) (Figure 5.1B). Similarly, there was a trend in the 20nmol/kg study
for liraglutide treatment to eventually lead toward a plateau and a small average gain
of weight by day seven, and here, the effect of SRB103 peptides also appeared to be

plateauing toward the end of the study.

The differences in body weight were not significant between SRB103 peptides, despite
SRB103GIn3 causing slightly greater weight loss in both studies compared to
SRB103His3 (P>0.05). These data suggest that SRB103GIn3 does not have a greater
effect on chronic weight loss compared to SRB103His3. At higher doses, both of the
SRB103 peptides show a trend (however not significant) toward greater body weight
loss than GLP-1R agonism alone, and an extended chronic study is required to confirm

any difference in body weight reductions between treatments.
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5 2 2 SRB103GIn3 d Y food intal : call Y
to SRB103His3

From the data presented in the previous section, SRB103GIn3 did not produce an
improvement in weight loss compared to the balanced dual agonist SRB103His3, but
both SRB103 peptides show a trend for greater weight loss compared to liraglutide
when administered at high dose, which is lost at low dose. In acute studies,
SRB103GIn3 tended to cause decreased food intake compared to SRB103His3
despite no statistical difference between the two. To observe if this trend translated
after chronic administration, and to compare the food intake of both SRB103
compounds compared to the GLP-1R agonist liraglutide, food intake was measured

alongside the body weight presented above.

In the high dose study, vehicle treated mice ate a total of 46.1 + 2.0g over the study.
Peptide treatment caused a significant reduction in food intake in all peptide treated
groups with food intake of 32.5 + 1.3 (Two-way ANOVA; P<0.001), 36.6 + 1.4 (P<0.01)
and 37.4 £ 0.8g (P<0.01) food eaten in liraglutide, SRB103His3 and SRB103GIn3
groups respectively (Figure 5.2A). There was no significant difference between
SRB103His3 and SRB103GIn3 treated mice (P>0.05), however SRB103GIn3 treated

mice ate significantly more than liraglutide treated mice (P<0.05).

In the lower dose study, vehicle treated mice ate a total of 43.9 £ 1.3g over the course
of the study. Similar to the higher dose study, all peptide treatments caused a
significant reduction in food intake with food intake of 32.3 + 1.8 (P<0.001),37.3 £ 1.5
(P<0.05) and 36.5 + 1.6g (P<0.01) calculated in liraglutide, SRB103His3 and
SRB103GIn3 groups respectively (Figure 5.2B). There was no significant difference in

food intake between any of the treatment groups (all P>0.05).

These data collectively show that there is no food intake effect associated with
SRB103GIn3 compared to SRB103His3, however there is a trend suggesting both
dual agonist-treated groups ate more over the study than liraglutide treated mice in
both studies.
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Figure 5.2 - Effect of chronic administration of SRB103 peptides or liraglutide on food intake in DIO
mice

DIO C57BL/6J mice (6-8 months) were injected subcutaneously with SRB103His3 (blue), SRB103GIn3
(red), liraglutide (green) or vehicle (black) and food weight measured as indicated. (A) 50nmol/kg study
(n=10). (B) 20nmol/kg study (n=10). Data presented as mean + SEM. Data analysis performed using two-
way ANOVA with Tukey post hoc test.; * P<0.05; ns — not significant (P>0.05).

5 2 3 SRB103GIn3 tend ¥ of . L} | .
In acute studies, SRB103GIn treatment displayed superior anti-hyperglycaemic effects
compared to SRB103His3 over 4- and 8-hour peptide treatment times. Despite no
effects observed between the two SRB103 peptides with regards to body weight or
food intake, the effects on anti-hyperglycaemia were observed in a chronic setting.
IPGTTs were performed after at least two weeks of peptide treatment and when
average body weight of the peptide treated groups was matched to mitigate
differences in body weight as a factor in the results (indicated by arrows in Figure 5.1).
Injections were transitioned from the onset of the dark phase to just after initiation of
the light phase, an hour after fasting, eight hours prior to the IPGTT. As with the acute
studies, mice received an i.p. bolus of 2g/kg glucose after baseline blood glucose was

measured and blood glucose was measured periodically afterwards.

After 50nmol/kg peptide administration (Figure 5.3A, top panel), all peptide caused a
significant improvement in glucose tolerance compared to vehicle, as calculated by
AUC (all P<0.0001). However, there was no significant difference between the
liraglutide, SRB103His3 and SRB103GIn3 groups respectively (P>0.05) (Figure 5.3A,
bottom panel).
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In the lower dose study (Figure 5.3B top panel), a further reading was taken at 90
minutes post glucose administration. As before, all treatment groups displayed
improved glycaemic control compared to vehicle treatment (all P<0.0001). However,
liraglutide performed significantly worse in this study (Figure 5.3B, bottom panel) and
the blood glucose measurements showing that the peak glucose reading at 20 minutes
was very similar for both vehicle (25.7 £ 1.5mM) and liraglutide (24.8 £ 1.0mM). This
is also interesting as 20nmol/kg liraglutide treatment resulted in a greater weight loss
than 20nmol/kg SRB103GIn or SRB103His3, highlighting the superior anti-glycaemic
effects of the SRB103 peptides separate from their abilities to induce weight loss.
Here, SRB103GIn3 produced the greatest anti-hyperglycaemic effect, and was
significantly better than liraglutide (P<0.0001) and tended towards greater anti-
hyperglycaemia than SRB103His3, however this was not significant (AUCs of 0.95 +
0.13M.min for SRB103His and 0.70 + 0.05M.min for SRB103GIn3; P>0.05).
SRB103His3 also displayed greater anti-hyperglycaemia than liraglutide (P<0.01).

This data suggests that the improvement in anti-hyperglycaemic effect is maintained
in SRB103-treated mice when the dose is lowered, and there appears to be a trend
toward SRB103GIn3 maintaining its superior anti-hyperglycaemic abilities compared
to SRB103His3. Both SRB103 compounds outperform liraglutide at low dose, but all
peptides are equally efficacious when administered at a higher dose. This suggests
the subtle differences in anti-hyperglycaemic abilities between all compounds which

are evident in the 20nmol/kg study are masked in the 50nmol/kg study.
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Figure 5.3 - Effect of chronic administration of SRB103 peptides or liraglutide on glucose tolerance in

DIO C57BL/6J mice (6-8 months) were fasted an hour before s.c. injection of SRB103His3 (blue), SRB103GIn3
(red), liraglutide (green) or vehicle (black). Baseline blood glucose levels were taken via venesection 8 hours
later before 2g/kg glucose was injected via the i.p. route. (A) Effect of 50nmol/kg peptide administration on
blood glucose concentrations (top) with concomitant area under curve (AUC) calculation (bottom) (n=10). (B)
as for (A) but after 20nmol/kg peptide administration (n=9-10). Data presented as mean + SEM. Statistical
analysis performed by one-way ANOVA with Tukey post hoc test. *** P<0.001; ** P<0.01; ns — not significant
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compared to SRB103His3

In keeping with reduced body weight, the composition of lean and fat mass can
differentially change with chronic administration of GLP-1R mono-agonists or dual
GLP-1R/GCGR agonists. To investigate how chronic treatment of the SRB103
peptides and liraglutide affected the body composition of DIO mice throughout the
chronic study, whole body composition analysis was performed using MRI (EchoMRI,
UK), allowing for non-invasive quantification of fat, lean and water mass at different

timepoints. This was performed the day before the IPGTT and at the end of the

50nmol/kg study, and then at the end of the 20nmol/kg study.
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By the end of the 50nmol/kg study, mice treated with either SRB103His3 or
SRB103GIn3 had lost a similar percentage of body fat mass, however SRB103GIn3
treatment caused a decrease compared to liraglutide treatment (two-way ANOVA,;
P<0.05) (Figure 5.4A, left panel). SRB103GIn3 treatment also resulted in the greatest
lean mass loss out of all peptide groups (P<0.05 compared to vehicle), however all
peptide treatments caused a similar reduction in lean mass. Saline treated mice also
lost lean mass, perhaps explaining why only SRB103GIn3 displayed a significant
reduction (Figure 5.4A, middle panel). There was no statistical difference in water loss

between any group by the end of the study (P>0.05 for all) (Figure 5.4A, right panel).
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Figure 5.4 - Effect of chronic administration of SRB103 peptides or liraglutide on body composition

DIO C57BL/6J mice (6-8 months) had body fat mass (left), lean mass (centre) and body water mass (right)
measured by MRI at the day indicated. (A) 50nmol/kg study where measurements were taken 13 days (day
before the IPGTT) and 21 days after treatment commenced (n=10). (B) 20nmol/kg study where
measurements were taken on 15 days (day after IPGTT) after treatment commenced (n=9/10). Data
presented as mean + SEM. Statistical analysis performed by two-way ANOVA (A) or one-way ANOVA (B)
with Tukey post hoc test.

Data from the 20nmol/kg study shows that mice lose a statistically similar proportion
of body fat mass from day zero after liraglutide, SRB103His3 and SRB103GIn3
treatment respectively (one-way ANOVA; P>0.05) (Figure 5.4B, left panel). This fat
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mass loss is statistically greater than saline-treated mice, who put on 17.5 £ 2.3%
body fat mass from day zero (all P<0.0001). Interestingly, both SRB103 treatments
cause a similar significant reduction in lean mass as well, however it is greater with
SRB103GIn3 treatment, with SRB103His3 reducing lean mass by 4.3 £ 0.9 % and
SRB103GIn3 by 5.7 + 1.3% (P>0.05) (Figure 5.4B, middle panel). Both of these are,
however, significantly greater reductions than for liraglutide treatment (P<0.05 for
SRB103His3, P<0.001 for SRB103GIn3). Again, there was no effect of changes in
total water content between saline and peptide treatment by the end of the study
(P>0.05) (Figure 5.4B, right panel).

In summary, data from the body composition analysis reveals that both SRB103
peptides are equally effective throughout both studies at reducing both fat mass and
lean mass. There is no statistical difference between the SRB103His3 or
SRB103GIn3, however SRB103GIn3 tends to result in a marginally greater fat and
lean mass loss. Liraglutide in both studies is cumulatively not as effective as the

SRB103 peptides, with less fat mass loss and lean mass loss in both studies.

5 9 5 SRB103GIn3 ood intal wction in |

The data above suggests that SRB103GIn3 treatment does not exhibit significant body
weight, body composition or food intake effects at either 50nmol/kg (high dose) or
20nmol/kg (medium dose) when compared to SRB103His3. Species-specific effects
were further investigated, as pharmacological profiling had not been performed in
mouse receptors to confirm an equipotent cAMP response, as was seen in human
receptors. Rats were therefore used as a second species to look at daily body weight
and food intake effects of SRB103GIn3, SRB103His and liraglutide. Doses of SRB103
peptide were calculated from previous studies as being “low-dose” (3nmol/kg),
“medium dose” (6nmol/kg) and “high-dose” (12nmol/kg). Liraglutide was tested at 6
and 12 nmol/kg. Rats were injected subcutaneously with SRB103 peptide made up in

ZnCl2 diluent to sustain circulating levels.
At 3nmol/kg (Figure 5.5A), both SRB103 compounds were equally as ineffective at

causing weight loss or food intake reduction. Vehicle-treated rats ate 87.1 £ 1.1g of

food and increased body weight by 14.7 + 1.3g whilst those on 3nmol/kg of
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SRB103His3 and SRB103GIn3 ate a statistically similar weight of food and put on a
similar amount of weight (two-way ANOVA; both P>0.05 with respect to vehicle and

each other).
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Figure 5.5 - Effect of chronic administration of SRB103 peptides or liraglutide on body weight and food
intake in rats

Male Wistar rats (3 months) fed on standard diet received daily injections of liraglutide (green), SRB103His3
(blue), SRB103GIn3 (red) or vehicle (black) by the s.c. route and had body weight and food intake measured.
(A) 3nmol/kg (n=6/7). (B) as for (A) but at 6nmol/kg and with liraglutide (n=6/7). (C) as of (B) but at 12nmol/kg
(n=6/7). Data presented as mean + SEM. Statistical analysis performed by two-way ANOVA with Tukey post
hoc test. **** P<0.0001; *** P<0.001; ** P<0.01; * P<0.05; ns — not significant P>0.05.

An anorectic effect is evident at the medium dose (Figure 5.5B), where SRB103GIn3
caused a significant reduction in food intake compared to SRB103His3 (Two-way
ANOVA; P<0.05). However, this did not translate into increased weight loss (P>0.05).
Interestingly, the food intake of SRB103His3-treated rats was similar to 6nmol/kg
liraglutide-treated mice (P>0.05). Both SRB103GIn3 and SRB103His3 at 6nmol/kg
caused a significantly greater weight loss than 6nmol/kg liraglutide (P<0.001 for
SRB103His and P<0.01 for SRB103GIn3).

Finally, at the highest dose tested (12nmol/kg; Figure 5.5C), the anorectic ability of
SRB103GIn3 was even more evident. Here, SRB103GIn3 treatment almost halved the
food intake compared to SRB103His3 over the three days (P<0.0001) as well as
liraglutide (P<0.0001). Again, SRB103His3 treatment caused similar food intake
reductions as liraglutide (P>0.05). Despite SRB103GIn3 causing an increase in weight

loss compared to SRB103His3 (44.7 £ 2.5 versus 38.0 £ 2.1g respectively) this was
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not statistically significant (P>0.05). These were both statistically greater than
liraglutide (P<0.0001). Surprisingly liraglutide treatment did not reduce food intake or
body weight significantly at 12nmol/kg compared to vehicle in this study (P>0.05

versus vehicle for both final food intake and body weight).

These data demonstrate a difference in repeat-dosing effects between species, where
in rat, SRB103GIn3 causes large and sustained anorectic effects compared to
SRB103His3, without significant effects on body weight. Both dual agonists appear to
be much more successful at reducing body weight at medium to high doses, whereas
liraglutide appears to display insignificant effects with regards to both parameters

compared to vehicle.
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5.3 Discussion

The aim of this chapter was to delineate whether there was any therapeutic advantage
to using SRB103GIn3, a dual GLP-1R/GCGR agonist with low -arrestin efficacy, over
a balanced agonist in a chronic in vivo setting. Acutely, SRB103GIn3 appeared to
demonstrate greater anti-hyperglycaemic effects after prolonged administration in lean
and obese mice, theoretically down to both Gas bias at the GLP-1R allowing prolonged
stimulation of the GLP-1R, and partial agonism at the GCGR reducing acute
hyperglycaemia associated with GCGR activation. Cumulatively, this creates a more
anti-hyperglycaemic phenotype. SRB103GIn3 appeared not to have any effect on
satiety acutely, in keeping with GLP-1R Gas bias27e,502. Therefore, two chronic studies
were performed on DIO mice to investigate the wider therapeutic ability of the SRB103
peptides on body weight change, food intake, glycaemic control and body composition
in a disease model. DIO mice were used in these studies as they encompass the
environmental aspect of obesity, which is greatly-linked to type-2 diabetes in
humansess. Polygenic models are more expensive and have physiologies distinct from
those of an obese, diabetic mousesso therefore were not considered in these initial
chronic studies. DIO mice were kept on HFD for three months before the chronic
studies began, allowing their body weight to increase to approximately 40g on average

and induce a more diabetic phenotype.

One of the greatest positives of this chronic study is the inclusion of the GLP-1R
agonist liraglutide, which allowed the contribution of GCGR to be investigated as well
as bias. Some chronic or human studies investigating dual agonists lack a
unimolecular agonist as a comparator, which can leave comparisons of dual versus

mono-agonist therapies unavailable.

The main results from this chapter are as follows:

1) There is no difference in body weight, food intake, glycaemic control or body
composition between mice chronically treated with SRB103GIn3 or SRB103His3.
2) Both SRB103 agonists appeared to display greater effects on chronic anti-
hyperglycaemia than the GLP-1R agonist liraglutide given at a low dose, without

significant changes to body weight and food intake.
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3) SRB103GIn3 causes large decreases in food intake in rats compared to

SRB103His3, yet both cause a similar amount of weight loss.

53 1 SRB103GIn3 d . hod aht | | f00d
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In the chronic studies, DIO mice were injected with a daily s.c. injection of
SRB103His3, SRB103GIn3, liraglutide or vehicle, at a high dose (50nmol/kg) or
medium dose (20nmol/kg). Doses had to be increased from the acute studies
(10nmol/kg) to account for a prolonged 24 hour effect, as opposed to the acute studies
which only required a maximum of an 8 hour effect. Here, there was no difference
between SRB103GIn3 and SRB103His3, suggesting there are no beneficial effects on
body weight decrease by reducing B-arrestin efficacy at both the GLP-1R and GCGR
with the dual agonists. By the end of both studies, mice treated with SRB103GIn3 or
SRB103His3 had both lost the same amount of weight, with a similar reduction in food
intake (Figure 5.1, 5.2). Both SRB103 peptides lost the same amount of weight as
liraglutide treatment, however liraglutide-treated mice weights were beginning to
plateau towards the end of the study after a large initial weight loss, and liraglutide-
treated mice ate less in both studies. This suggests two things. Firstly, it suggests that
there are compensatory mechanisms occurring with liraglutide treatment, as mice
become metabolically adapted to constant GLP-1R agonism. This adaptation is
distinct to that of the satiation pathway, as in both studies, liraglutide treatment
maintained a reduced food intake compared to vehicle and the SRB103 peptides
(Figure 5.2). Interestingly, OXM has been shown to reduce food intake in mice less
than Ex4, attributable to reduced gastric emptying rate elicited by Ex4sos. The data
presented in the present study replicates this finding and suggests potentially
beneficial effects of dual agonists on gastric emptying rates, which may account for

some of the GLP-1R agonist-mediated gastrointestinal effectssos.

Secondly, as SRB103 peptides are on a trajectory of greater weight loss in the high-
dose study, it highlights the enhanced energy expenditure effect of GCGR agonism
and the importance of GCGR-mediated energy expenditure in a maintained weight
loss. The GCGR is well regarded as being critical for energy expenditure in dual GLP-

1R/GCGR agonists227,442,729, with its implications on increased weight loss437,729.
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Whilst my observations are not novel, as the efficacy of dual agonists has been
extensively examined before, it perhaps adds further evidence that the mechanism by
which SRB103GIn3 exhibits its therapeutic effects is relating to bias at the GLP-1R
and not the GCGR. SRB103GIn3 displays improved anti-hyperglycaemic abilities, but
no effect on body weight, compared to its unbiased comparator. This therapeutic
phenotype is remarkably similar to the cAMP-biased GLP-1R agonist Ex-Phe127e.
Whilst similar doses of chronic liraglutide have been associated with relatively small
increases in cold-induced energy expenditure in DIO previously7e4, the extent of
energy expenditure associated with GLP-1R signalling alone is minimal in comparison

to the integration of GCGR signalling as well.

Intriguingly, the extent of food intake reduction is the same in both the high- and low-
dose studies. In both studies, regardless of dose, administration of either SRB103
peptide resulted in a final food intake of between 36.5 — 37.3g, whilst liraglutide
treatment resulted in an average food intake of 32.5g for the high dose study and
32.3g for the low-dose study. This suggests that the anorectic effect for all peptides
may be at their maximum capacity even at lower doses. In spite of the similar food
intake between the two studies, SRB103GIn3-treated mice lose an extra 4.2g of body
weight (compared to vehicle) when they switch to the higher dose, and SRB103His3
lose an extra 3.8g. Meanwhile, liraglutide-treated mice only lose an extra 0.6g
compared to vehicle when given the higher dose. This further highlights the impact of
GCGR-mediated weight loss. It also suggests that the receptor-response coupling
required to affect food intake is less than the coupling required to initiate energy
expenditure, i.e. a higher concentration of ligand is required to initiate pathways to
instigate energy expenditure. This could relate to the phenomena of “tissue bias”
whereby a ligand can differentially activate signalling pathways in different tissues
based on the tissue “coupling ability” to that receptor (such as relative expression of
Gas or B-arrestin). This is an emerging field of pharmacology, and requires greater
delineation to understand how drugs acting at the same receptor can elicit different

responses at different tissues.

The drawback of repeated injections without extensive PK testing is this study does
not take potential drug accumulation into account, in either mice or rats. Here, it is

assumed, based on previous work in-house with similar peptides, that there is a steady
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state blood concentration of peptide over the period of study. Many GLP-1R agonists
induce nausea in vivo, which results in altered feeding behaviours in mice and ratsazs.
Therefore, if time had permitted, it would have been advantageous to perform a PK
study after chronic administration to investigate whether peptide was accumulating in
the system after repeated injections, and secondly perform condition taste avoidance
to test whether the repeated dosing was causing nausea. A PK study would also
confirm how the circulating levels of SRB103 peptide and liraglutide differed
throughout the study. The physico-chemical make-up between liraglutide and SRB103
peptides likely mean the PK parameters of absorption, distribution and metabolism are
distinct from one another, which was not accounted for in this study. The relative
potency of liraglutide or the SRB103 peptides to the GLP-1R were also not considered,
which may explain differences in food intake, however the ability to translate such in

vitro pharmacology to chronic in vivo studies is rarely possible.

As with the acute studies, it would be interesting to repeat the chronic studies in a
number of ways to better understand the pharmacological effects of each peptide
investigated here. Firstly, matching by body weight loss or food intake will allow for the
role of each peptide to be examined for each parameter, without the interference of
the other. It would also be interesting to perform these with additional groups
containing antagonists at either receptor to further investigate the role that each
receptor plays in the pharmacology of the individual SRB103 peptides. Transgenic
mice have altered phenotypes, such as Gcgr- mice showing a trend for altered
metabolic profiles and body composition and Glp7r~ displaying altered body
composition and glucose intolerancesssess,807-809. Therefore, using antagonists to
inhibit receptors throughout a study allows for the effects of GLP-1R and GCGR
signalling to be examined in the context of chronic SRB103His3 or SRB103GIn3
treatment whilst mitigating the altered phenotypes discussed with transgenic mice.
However, as noted in chapter 4, long-acting antagonists at these receptors have yet

been validated.
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Results for the chronic studies were confirmed in lean Wistar rats. Previous work in-

house to determine the potency of the peptides to the rat receptors and the PK profile

Philip Pickford 162



Biased Signalling of Dual GLP-1R/GCGR Agonists

of similar peptides in rats generated the three doses to use in the study. In rats,
SRB103GIn3 reduced food intake by between a third and a half at 6nmol/kg and
12nmol/kg without significant affects to body weight loss compared to SRB103His3
(Figure 5.5). This suggests that SRB103His3 is able to induce greater weight loss

through increased energy expenditure.

In the previous section, the role of the GCGR was implicated as being vital for energy
expenditure-induced weight loss in mice. One suggestion for the mechanism of weight
loss in rats is that SRB103His3 is a full agonist at the GCGR, which results in increase
GCGR-mediated energy expenditure and ultimately drive weight loss without the need
for a lack in food intake. In line with this theory, as SRB103GIn3 is a low-efficacy
GCGR agonist, it may not be able to couple sufficiently to GCGR pathways in rats,
which regulate energy expenditure, therefore it has little effect on energy expenditure.
Similarly, as SRB103GIn3 displays reduced efficacy for 3-arrestin-2 recruitment at the
GLP-1R, it stands to reason that prolonging GLP-1R activity (by negating B-arrestin-
induced internalisation) would compensate the lack of GCGR-mediated weight loss by
severely reducing food intake and concomitant weight loss. As this phenotype is
witnessed in the rat studies, it further supports the NanoBiT assay results and
questions the cAMP and PathHunter assay results. Other potent GLP-1R agonists
show a similar initial phenotype as SRB103GIn3, with great reductions in food intake
and body weight in ratss10-s12, however food intake and body weight usually plateaus
or even compensates to that of vehicle treatment, likely due to desensitisation. Not
only does SRB103GIn3 likely elicit reduced GLP-1R desensitisation, it also signals at

the GCGR to prolong and maintain the initial effects.

However, this does not appear to be the case in mice, where both SRB103 peptides
resulted in similar weight loss (Figure 5.1). This may be explained by the phenomena
of “tissue-bias”, but in this case, the bias is between the same tissue of different
species. Indeed, species-specific differences have been observed in response to the
same stimuluss13,g14. In mice, the Gas response produced by high-dose SRB103GIn3
could be sufficient to pass the threshold of initiating GCGR-mediated energy
expenditure, whilst this might not be the case in rats. However, this requires

knowledge of how both SRB103 peptides signal at both the rat and mouse GLP-1R
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and GCGR homologues, and understanding of how the different signalling profiles

match the observed phenotype in vivo.

Liraglutide displayed a muted therapeutic effect in this study. It's only effect in the rat
studies was the mild reduction in food intake at 12nmol/kg (saline - 87.1 + 1.1g;
liraglutide 75.8 £ 2.6g; P<0.05) however this did not reduce body weight efficiently.
Interestingly liraglutide appears to have elevated effects in obese rodents and little
effect in lean rodents1s. The rats used in this study were fed on a standard chow diet,
and despite a mean average weight of 472g, were not considered an obese rat model.
This could explain why it is so effective in the DIO mouse studies, and ineffective in
the rat study. The rats used were not obese, and therefore repeating on a DIO cohort
of rats would be an interesting future study to perform. However, the HFD pellets are
friable, meaning that it can be difficult to precisely measure true food intake in an HFD
study. Considering the food intake in vehicle-treated rats was 25g per day, the friable

nature of the diet could significantly affect the accuracy of food intake.

Further studies in rats could be performed, in the presence of antagonists, to support
the suggestions made above. As discussed in the previous chapter, antagonists
capable of inhibiting receptor signalling in vivo have not been validated in this work,
and therefore further study would have to go into ensuring antagonists to the receptors

were potent, effective and pharmacokinetically viable.

53 3 SRB103GIn3 | SRB103His3 I 7 | ..
: . i
The acute anti-hyperglycaemic properties that SRB103GIn3 displays makes it an
attractive candidate for obese diabetics, as it produces an improvement in glucose
tolerance through increased insulin secretion, whilst having no effect on food intake,
which is associated with nauseating side effects. In these chronic studies, IPGTTs
were performed to confirm whether the improved anti-hyperglycaemic phenotype was
maintained after chronic administration. In the higher dose study, all peptides were
equally anti-hyperglycaemic eight hours after injection (Figure 5.3A) whereas in the
lower dose study, the efficacy of liraglutide reduced whilst both SRB103 peptides

remained equally as anti-hyperglycaemic, however the trend observed acutely for
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SRB103GIn3 to display greater anti-hyperglycaemia compared to SRB103His3 was
replicated (Figure 5.3B).

Any changes in body weight or food intake, which may influence glucose tolerance
between either SRB103 peptides are mitigated by the fact they ate the same amount
and lost the same amount of weight. The contribution of body weight is an important
factor which leads to improved anti-diabetic phenotype witnessed in many post-
bypass patientss1e,817, but as previous acute studies negate differences in food intake,
body weight or composition, SRB103GIn3 clearly exerts its effects outside of this remit.
One suggestion as to why the divergence between the two SRB103 peptides was lost
after chronic injections could be that the ZnCl2 diluent affects the pharmacology of
SRB103His3. However, this was quashed by performing separate acute IPGTTs with
the SRB103 peptides made up in either 0.9% saline (used in the acute studies) or
ZnClz2 diluent (data not shown). This showed that SRB103His3 did not become more
anti-hyperglycaemic when injected s.c. in the ZnCl2 diluent compared to i.p. in saline,
suggesting that administration route and diluent did not have an effect on the IPGTT
results from the chronic study. Another reason why SRB103His3 and SRB103GIn3
show statistically similar anti-hyperglycaemia in the chronic studies could relate to
drug accumulation, as discussed in section 5.3.1. Acute anti-hyperglycaemic effects
of SRB103GIn3 were observed in relatively low circulating concentrations such as
10nmol/kg used in this work. When acute drug concentrations were as high as
100nmol/kg, divergence in anti-hyperglycaemia between the SRB103 peptides was
lost as the maximum capability of the insulin secretion system is achieved (data not
shown). Therefore, it is possible that a similar phenomenon is occurring in both of the
chronic studies, whereby drug accumulation results in maximal insulin secretion in

both SRB103 peptide groups and therefore divergences are not possible.

Further investigation into this should be made, and a number of studies can be done.
Firstly, PK studies should be performed to investigate the circulating concentration of
peptide after 14 days of daily s.c. injections. HPLC analysis of DPP-IV peptidase
activity suggested no significant difference between the SRB103 peptides, however
any cumulative effects of repeated dosage weren’t investigated. This could help to
understand if there is accumulation of drug in the system, which could explain the lack
of difference between SRB103His3 and SRB103GIn3 in the IPGTT. This could lead to
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a repeated study where the doses are reduced which may prise apart the chronic
glucoregulatory abilities of the two peptides. It would also be interesting to measure
insulin secretion during chronic SRB103His3 and SRB103GIn3 administration, using
the HTRF assay as seen previously in this work. Acutely, SRB103GIn3 induced a
greater insulin secretion at prolonged treatment time points (Figure 4.2C) which was
the likely reason for improved acute glucoregulatory abilities. Perhaps chronic
treatment of SRB103 peptides causes equivalent insulin secretion, which would result

in similar IPGTT anti-hyperglycaemic abilities.

Regardless of this, a treatment for obesity and diabetes must account for both weight
loss and glycaemic control. Whilst reducing the dose may result in SRB103GIn3
displaying greater anti-hyperglycaemia compared to SRB103His3, if this comes at the
cost of minimal body weight loss, then there isn’t a therapeutic advantage in utilising
bias for the dual GLP-1R/GCGR agonists discussed here. Alternatively, minimal

weight loss with associated improved anti-hyperglycaemia could switch the targeting

of SRB103GIn3 toward an overweight, not severely obese, individual with severe
T2DM.

One of the novel and interesting parts of this work is additional MRI analysis of body
composition after the chronic study. This provides a deeper understanding of where
body mass loss is occurring, which can begin to explain the results for the chronic
studies. Due to the relatively invasive nature of this procedure, mice were only tested
for body composition around the time of the IPGTT and at the end of the study. For
the high-dose study, the GTT was performed on day 14 so an MRI| was performed the
day before on day 13, and the study ended seven days after the GTT on day 21, which
is when the final MRI was performed. However, body weight and food intake were not
recorded between day 18 and the end of the study on day 21, therefore it is unknown
how divergent the average weight of the different treatment groups were. In the second
study, to reduce any impact that stress of the MRI could have in the IPGTT results,

the 20nmol/kg study the MRI was performed after the GTT on day 15, which was also
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the day the study terminated. This lack of protocol linearity makes comparisons

between the two studies more tenuous.

In the 50nmol/kg study, by the end of weight recordings on day 18 there was a trend
suggesting both of the SRB103 peptides had caused a greater weight loss than
liraglutide, however this was not significant (Figure 5.1). Three days later, MRI data
showed that SRB103GIn3 peptide treatment resulted in a significant reduction in body
fat mass compared to liraglutide treatment (49.5 + 3.2 versus 329 + 3.2%
respectively). SRB103His3 matched the trend of SRB103GIn3 for fat mass loss (45.2
+ 2.7%) however the difference between SRB103His3 and liraglutide was not
significant. All peptide treatment showed a similar lean mass loss of between 6-8%
from day 0, and no significant effects in water loss. In the lower dose study at
20nmol/kg, the reverse is true; that is, all peptide treatments lose a statistically similar
percentage of body fat (15-18%), however both SRB103 peptides cause a significant
reduction in lean mass of 4.3 £ 0.9 and 5.7 £ 1.3% for SRB103His3 and SRB103GIn3
respectively, whilst liraglutide treatment results in essentially zero lean mass loss (0.1
+ 0.7% lost).

Cumulatively, these data suggest that there are two separate mechanisms which are
causing weight loss in the separate studies. Increasing the dose in the high-dose study
will increase the likelihood of surpassing the threshold of developing nausea. As
nausea in mice manifests in a reduction in locomotion, the high dose liraglutide
treatment could result in a sedentary phenotype in mice. At lower levels such as
20nmol/kg, the likelihood of remaining within the therapeutic window is increased, thus
reducing the likelihood of nausea. Therefore, lean mass is not lost in the liraglutide
group as they are more active. This is, however, a speculative theory. This theory
does, however, agree with previous studies investigating body composition relating to
incretins and exercise. Other studies investigating body composition after chronic
GLP-1R agonist treatment have witnessed similar results to the 20nmol/kg liraglutide
results, that is fat mass reduces whilst lean mass remainssis. This likely occurs with
liraglutide as well, as chronic liraglutide treatment at concentrations of 10 or 30nmol/kg
results in activation of BAT in DIO mice, resulting in reduced adiposity with minor
effects on lean massr94. GLP-1R agonism has even been shown to ameliorate muscle

atrophy, suggesting primary GLP-1 signalling is not a cause for lean mass losss19. This
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suggests chronic GLP-1R agonists could reduce adiposity without diminishing lean
mass. It would be interesting to repeat and include analysis of circulating amino acid
levels and qPCR of key genes involved in gluconeogenesis and lipolysis to firstly
confirm the interesting body composition results and investigate how the mechanisms

behind GLP-1R activation, amino acid flux and reduced adiposity are linked.

MRI is one of the two predominantly used methods for analysing total body
composition, the other method being DEXA. In this study, MRI was used as it is a
rapid, less invasive process which does not require anaesthetisation793. However,
comparator studies have noted that MRI tends to underestimate fat and lean mass7o1.
Therefore, it would be useful to consolidate the body composition data collected from
the MRI with chemical analysis of fat and lean mass, which provides a more accurate

representation of body composition.

In conclusion, this chapter has further elucidated the in vivo effects of SRB103GIn3
beyond its superior acute glucoregulatory response. Whilst it tended towards
increasing greater weight loss, reducing food intake, maintaining improved glucose
tolerance and increasing fat and lean mass loss versus SRB103His3 in mice, these
results were statistically not significant. In rats, there is an immediate and sustained
suppression of food intake concomitant, however no difference in weight loss when
treated with SRB103GIn3 compared to SRB103His3. Further investigation is required
to confirm the results presented above, and to delve into mechanisms explaining the

results above.
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6 General Discussion
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Obesity is a global epidemic, with 650 million adults worldwide estimated to be obese,
and a further 1.3 billion overweightzs. The rate of prevalence is rapidly rising and is a
global medical concernzs. Obesity is closely linked to co-morbidities including type 2
diabetes mellitus (T2DM), and estimates suggest 90% of T2DM patients are obese or
overweights. T2DM is defined by chronic hyperglycaemia, stemming from a reduced
ability to secrete and utilise insulin to sequester rises in circulating glucose, and is
linked to an increased risk of myocardial infarction, stroke, cardiovascular disease and
neuropathys. It is estimated to affect 500 million people and is in the top ten leading
causes of early mortality, highlighting the critical nature of tackling obesity-induced
T2DMes.

Roux-en-Y gastric bypass (RYGB) surgery is currently the most successful therapeutic
intervention for the treatment of obesity and T2DM. Human longitudinal studies show
weight loss can reach up to 32% three years post-surgery and 28% seven years post-
surgerys20,821, and near total remission of diabetic symptoms is seen seven years after
RYGB surgery specificallys21. RYGB is associated with an increase in circulating
incretins, which aid in postprandial satiation, digestion and sequestration of
carbohydrates and fatsz220,221. These incretins include GLP-1 and OXM, both of which
act as agonists at the GLP-1R to augment glucose-stimulated insulin secretion (GSIS),
increase insulin sensitivity and improve pancreatic B cell function220,221. However,
bariatric surgery is an invasive procedure and is associated with an unacceptable
surgery-related ten year mortality rate of approximately 1.5%s22,823, as well as
significant morbidity. It could be considered a costly procedure both for the patient and

healthcare provider, therefore alternative methods are required.

There is an unmet need for obesity and diabetes treatments which are both highly
efficacious and have an acceptable side effect profile. There are a number of
pharmacotherapies available to treat T2DM, including insulin, sulphonylureas and
TZDs. However, all of these treatments can in fact lead to weight gain14e,179,180,196.
Targeting the incretin pathway is another approach, either using DPP-IV inhibitors
(thus blocking endogenous incretin degradation) or with stable GLP-1R agonists, to
improve GSIS292. Moreover, DPP-IV inhibitors are weight neutral, whilst GLP-1R
agonists produce weight loss alongside their direct glycaemic effects. Therefore,

targeting the incretin pathway carries advantages over standard diabetes treatments
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to treat the obese diabetic patient population. Despite this, GLP-1R agonists are also
associated with side effects, including nausea and Gl effects, and dose escalation
studies suggest optimal therapeutic efficacy has yet to be achieved due to these dose-
limiting side effectss60. Therefore, there is a clear opportunity to optimise incretin-

based drugs to increase their therapeutic potential.

One suggested route of optimisation is introducing a secondary metabolic receptor
target for the ligand, such as the GCGR. This could elicit numerous theoretical
advantages, including reduced amounts of GLP-1R activation, thereby minimising
GLP-1R-mediated side effects, as well as improved insulinotropic and glucoregulatory
capacity and increased weight losss24. Whilst glucagon is associated with acute
hyperglycaemia driven by hepatic glycogenolysis and gluconeogenesis, co-
stimulation with GLP-1 has been shown to suppress hyperglycaemiaz27,22s,3s1.
Additionally, prolonged GCGR stimulation leads to increased weight loss through
increased energy expenditure, improved insulin secretion and sensitivity227,228,394.
Therefore, dual GLP-1R/GCGR agonists will likely be synergistic in their ability to
combat obesity-induced T2DM. Indeed, rodent studies have highlighted that dual
GLP-1R/GCGR agonists display superior efficacy for weight loss and glucose
regulation compared to GLP-1R agonists aloneasss 437,825, but these ligands still result
in nauseating and Gl-related side effects. This suggest that, whilst improved
therapeutic efficacy can be achieved through dual incretin receptor agonism, further

optimisation is still required.

Biased agonism presents a second alternative to optimise incretin-based therapeutics.
Here, ligands stabilise the receptor conformation in such a way that one or more
signalling pathways are selectively activated, whilst others are reduced or ablated
altogether. The consequent signalling profile, which is “biased” toward certain
pathways over others, allows pathways associated with the therapeutic effect of
receptor activation to be accentuated over those which elicit side effects, resulting in
a more efficacious and tolerable pharmacotherapy. Human studies have confirmed
the value and potential of biased agonists compared to traditionally used “balanced”

agonists such as morphine at the p-opioid receptor49o,492,493.
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It has been shown in recent years that G protein-biased GLP-1R agonists display
greater anti-hyperglycaemic properties and tolerability than unbiased equivalents, with
matched27e,502 or even greatersos weight loss and food intake. These data confirm that
bias can be leveraged with incretin treatments to improve anti-diabetic efficacy.
However, no work has been reported describing the effects of biased dual GLP-
1R/GCGR agonism. Therefore, in addition to the improved metabolic outcomes of dual
GLP-1R/GCGR agonists, a biased dual agonist could theoretically yield greater weight
loss and/or superior glycaemic control, due to an increased tolerability thus providing

a novel therapeutic strategy to treat the obese T2DM epidemic.

In this project, an example of a dual agonist displaying low efficacy for B-arrestin-2
recruitment, with full CAMP signalling, was identified alongside a comparator with full
B-arrestin signalling. This compound was validated for glucoregulatory and weight loss
effects to confirm whether favouring signalling through G protein-related pathways

over B-arrestin recruitment improves the therapeutic effects of the dual agonist.

6.1 Identification of lead compounds

Biased candidate ligands were initially selected by identifying dual agonists with
corresponding peptides containing single amino acid substitutions. This strategy was
predicated on the reasoning that single amino acid substitutions were unlikely to
greatly affect physico-chemical properties or proteolytic stability and resultant
pharmacokinetics, which was confirmed by radioimmunoassay and HPLC (Figure
4.2F & G). This approach has been used previously to identify biased Ex4-based GLP-
1R agonists276. Biased signalling was identified using a simple medium-throughput
screen, whereby single, high-dose B-arrestin recruitment was examined (Figure 3.2).
This data was then cross-referenced to historical CAMP signalling data for the selected
peptides, and XY linear regression analysis used to identify hit compounds with
differential profiles for cAMP production or 3-arrestin recruitment (Figure 3.2B). Whilst
this strategy is limited in terms of providing a formal pharmacological comparison, as
it compares two separate pharmacological metrics which are not inherently related
(potency for cAMP versus presumed efficacy for B-arrestin), this pragmatic and

resource-effective approach provided hit compounds for more formal validation. The
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substitution of AIB at position 2 of the molecule (AIB2GIn3) is a commonly used amino
acid substitution to prevent DPP-IV degradation29s. However, when substituted into
native OXM, it resulted in reduced B-arrestin recruitment at the GCGR compared to
glucagon, whilst maintaining robust cAMP potency yet acted as a full and potent
agonist for both pathways at the GLP-1R (Figure 3.2C). When the GIn3 was
substituted for histidine (His3), the profiles of potency and efficacy for cAMP and [3-
arrestin was returned to that of the endogenous ligand. This mimics the in vitro profile
of Ex-phe1 versus Ex4 at the GLP-1R, which provided the theoretical basis behind the

work presented herez7e.

This suggests that the AIB2GIn3 amino acid sequence produces an agonist biased
toward cAMP production over B-arrestin recruitment compared to AIB2His3. According
to the canonical role of B-arrestins, this should theoretically produce a peptide with
reduced GCGR desensitisation and internalisationz7s, prolonging GCGR signalling.
Previous studies have highlighted the metabolic benefits of GCGR signalling including
improvements to weight loss and insulin secretion and insulin sensitivity227,228,382,394.
Hence, potentially prolonged GCGR signalling produced by AIB2GIn3 peptides might
result in a novel and superior anti-diabetic and anti-obesity therapy. Therefore, two
lead compounds containing the AIB2GIn3 and AIB2His3 amino acid switch were
produced, called SRB103GIn3 and SRB103His3. Both of these SRB103 compounds
displayed similar signalling patterns as observed in the endogenous OXM-based
peptides, but SRB103GIn3 was equipotent for cAMP production at the GCGR. This
meant that the most prominent signalling difference observed in the Cisbio cAMP
assay and PathHunter B-arrestin recruitment assay was reduced [-arrestin
recruitment at the GCGR (Figure 3.3A). In Huh7 hepatoma cells overexpressing
GCGR, 16-hour stimulation with SRB103GIn3 resulted in much greater cAMP
production compared to SRB103His3, suggesting that reduced [-arrestin recruitment
with SRB103GIn3 at the GCGR leads to reduced receptor desensitisation, possibly
reduced internalisation, and ultimately a prolongation of receptor signalling (Figure
3.5A). However, in HEK293T cells transiently transfected with either GCGR or GLP-
1R, there was not an observable difference in prolonged signalling, suggesting that
either the prolonged signalling effect in vitro is a cell-specific phenomenon, or that the

cell line differences are linked to surface receptor expression.
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Concentration-response data for both of these compounds were analysed for
quantitative bias using current methods, including a modified version of the operational
model of agonism and the relative activity scale (Figure 3.3B & C). However, neither
of the methods used confirmed SRB103GIn3 as being significantly biased toward
cAMP signalling over B-arrestin recruitment at the GCGR compared to SRB103His3.
The operational model has limitations when quantifying very partial agonistsa7o and
with very similar potencies at the receptors between the two compounds, the method
does not sufficiently discriminate between a full agonist and partial agonist with similar
potencies. The relative activity scale similarly failed to confirm evidence of statistically
significant signal bias. In spite of the apparent lack of formally confirmed signal bias,
the GIn3 compounds reproducibly showed a characteristic pattern of intracellular
signalling characterised by reduced (-arrestin recruitment efficacy at the GCGR whilst

maintaining full efficacy for the amplified cAMP pathway.

The cAMP versus B-arrestin recruitment assay in PathHunter cells is inherently limited
by non-physiological, irreversible recruitment of B-arrestin to the receptor, along with
reduced discrimination between G protein events due to amplification in the Gs-AC-
cAMP signalling pathway. Therefore, dynamic recruitment of a mini Gas or $-arrestin-
2 construct to the GLP-1R or GCGR was analysed using the NanoBiT assay (Figure
3.4). The results diverge from those of the Cisbio and PathHunter assays, in that it
showed SRB103GIn3 displayed equal potency and efficacy for Gas recruitment but
reduced B-arrestin recruitment at the GLP-1R (i.e. biased toward Gas recruitment)
compared to SRB103His3, but lower in efficacy for both pathways at the GCGR (i.e.
a partial agonist). These system-specific response patterns pose issues for the correct
assignment of signal preference for each ligand. The increase in prolonged GCGR-
mediated cAMP signalling in Huh7 hepatoma cells with SRB103GIn3 signals could be
explained by the pharmacological characteristics suggested by either the PathHunter
or NanoBiT data, with reduced B-arrestin recruitment at the GCGR a reasonable
explanation for the apparently reduced desensitisation response27é. However, the
acute and chronic in vivo studies show that SRB103GIn3 treatment produces longer
lasting glycaemic control, mimicking that of a biased GLP-1R agonist (discussed in
chapters 4 and 5). Moreover, the absence of successful antagonist studies, due to a
lack of in vivo efficacy of the antagonist ligands designed to assess this (Figure 4.4),

makes delineation more difficult. Preliminary tests using the rat B cell line INS1 832/3
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which had either the GLP-1R or GIPR knocked out using CRISPR-Cas9 suggest that
removal of GLP-1R signalling has a more significant impact on SRB103GIn3 mediated
insulin secretion compared to SRB103His3 (data not shown) whilst the GIPR appears
more important to SRB103His3-mediated insulin release. This requires much closer
investigation as it does further implicate the GLP-1R as being central to SRB103GIn3-
mediated insulinotropic improvements seen in this work, as well as suggesting mild

tri-agonist abilities of the SRB103 peptides.

As is suggested by the Huh7 data and evidenced by other examples of biased agonists
which diminished B-arrestin recruitment, mitigating (3-arrestin recruitment at either the
GLP-1R or GCGR may result in reduced B-arrestin-mediated internalisationz7s,s26. This
would allow a greater proportion of receptor to remain on the cell surface at steady
state after prolonged stimulation, facilitating ongoing receptor signalling. In the
example of GLP-1R, itis known that reduced receptor internalisation increases chronic
anti-hyperglycaemic capabilities of the biased compoundz27s502,504. In the case of the
GCGR, knockout of B-arrestin-2 results in prolonged receptor signalling by reducing
receptor internalisation2ss. As GCGR stimulation is also associated to improved
metabolic outcomes, SRB103GIn3 may impart beneficial therapeutic effects by
reducing B-arrestin-mediated receptor internalisation at either the GLP-1R or GCGR.
To investigate this, fluorescent-tagged GLP-1R or GCGR were stimulated with either
SRB103 peptide to visualise the compartmentalisation of the receptors using wide-
field microscopy. Interestingly, contrary to expectations, SRB103GIn3 did not cause a
visible reduction in internalisation at either receptor (Figure 3.6). This could result from
a number of factors. Firstly, whilst there may indeed be a subtle difference in
internalisation, a microscopy assay based on subjective review of distribution of
labelled intracellular receptor after agonist stimulation may be insufficiently sensitive
to identify this difference. Secondly, the extent of reduction in B-arrestin recruitment
produced by SRB103GIn3 stimulation is less than for other G-protein biased GLP-1R
agonists showing dramatically reduced agonist-mediated receptor
internalisationz7s,502. Cumulatively, the in vitro assays show that SRB103GIn3 is still
able to recruit B-arrestins at worst 50% as efficiently as SRB103His3 (Figure 3.3A), or
as much as 78% (Figure 3.4C & D), meaning that there may still be enough B-arrestin
recruitment to initiate receptor internalisation. Thirdly, the efficiency of receptor

transfection in this assay may be poor and result in a greater ratio of B-arrestin-to-
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receptor to that found in the Huh7 cells, resulting in a greater prevalence of B-arrestin
binding to the receptor and producing internalisation. This could mask the true events
that occur in vitro. Other differences related to expression of trafficking biomolecules
in different cell types are also a possible contributory factor. Finally, the mechanism
by which the reduced B-arrestin recruitment pattern of SRB103GIn3 allows prolonged
GCGR signalling may be separate from internalisation, reflecting instead reduced
steric hinderance of G protein interactions at the plasma membrane. This requires
greater delineation, and work performed in this laboratory using fluorophore cleavage

can be used to further investigate receptor recycling rates27e,827,82s.

In summary, a dual agonist (SRB103GIn3) was discovered and validated using a wide
range of in vitro techniques which suggested preferential G protein-directed signalling
at the GLP-1R according to one experiment, or at the GCGR according to the other.
Separate methods of bias quantification failed to determine statistical differences in
bias between SRB103GIn3 and SRB103His3. However, clear prolongation of
signalling shown at the GCGR in Huh7 cells suggested the reduced [(-arrestin
recruitment pattern was functionally important. No gross differences in GLP-1R or
GCGR internalisation were observed between SRB103GIn3 versus SRB103His3, but
other trafficking phenomena, such as recycling or post-endocytic sorting to difference

subcellular compartments, were not investigated.

6.2 Dual GLP-1R/GCGR agonist with reduced B-arrestin efficacy

improves anti-hyperglycaemic response

Having identified SRB103GIn3 as a ligand displaying selective signalling toward the
G protein/cAMP pathway with diminished (-arrestin recruitment, with SRB103His3 as
the unbiased comparator, extensive in vivo validation was performed. In keeping with
G protein-biased GLP-1R agonists2ze, SRB103GIn3 and SRB103His3 displayed
similar acute anti-hyperglycaemic abilities (Figure 4.2A & B). However, four- and eight-
hours post peptide administration, SRB103GIn3 displayed superior anti-
hyperglycaemic abilities. This phenotype was replicated using four further GIn3 and
His3 peptide pairs (some were not numerically significant, however) further validating

the usefulness of G protein bias in dual agonists toward improved treatments for
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diabetes. This was not related to pharmacokinetics (Figure 4.2F), but appeared to
result from an increase in sustained insulinotropic ability of SRB103GIn3 compared to
SRB103His3 (Figure 4.2C). This is in keeping with other studies investigating G
protein-bias at the GLP-1Rz276,504, suggesting that SRB103GIn3 acts in this way also.
No observable changes in insulin tolerance was observed (Figure 4.2D & E),
suggesting the acute anti-hyperglycaemic effects of SRB103GIn3 relate primarily to
increased insulin secretion. Whether this is a primary attribute of biased signalling at
one of the receptors or secondary to an increase in glucagon-mediated glycaemia
through enhanced GCGR signalling is not clear. Interestingly, in Gegr-~ and Gcgrhep-r-
mice, the acute four-hour anti-hyperglycaemic ability of SRB103His3 and vehicle
matched that of SRB103GIn3 (Figure 4.8), suggesting that reducing GCGR signalling
improves anti-hyperglycaemic responses as would be attributed to SRB103GIn3 if it
acted as a partial agonist at the GCGR (as suggested in the NanoBiT assay).
However, the physiology of these transgenic mouse lines features various adaptive
mechanisms which could confound valid interpretation of the results. Acute blockade
of either receptor using antagonists was attempted, but their resulting in vivo efficacies
were insufficient to adequately ablate the activity of GLP-1R or GCGR mono-agonists,
even at relatively low pharmacological doses (Figure 4.4). Monoclonal blocking
antibodies are a further option which could be tried, but they also tend to show only

partial effects against potent pharmacological agonists.

In studies of chronic administration to mice, SRB103GIn3 continued a trend toward
greater anti-hyperglycaemic control compared to both SRB103His3 and GLP-1R
mono-agonist liraglutide. Differences between SRB103GIn3 and SRB103His3 were
not statistically significant, however this is likely related to higher dosing than that used
in the acute studies. At a high dose (50nmol/kg) both SRB103 peptides significantly
reduced glucose-induced hyperglycaemia (Figure 5.3A), which coincided with a large
reduction in body weight and food intake. At a lower dose (20nmol/kg), there is a much
milder reduction in body weight by the end of the study, however SRB13GIn3 still
produced the same level of anti-hyperglycaemia, whereas the efficacy of SRB103His3
reduced (Figure 5.3B). This indicates that SRB103GIn3 elicits its anti-hyperglycaemic
abilities separate from that of body weight change and food intake. SRB103GlIn could,
therefore, be useful in clinical situations where weight loss is of secondary importance

to glycaemic control, such as overweight (i.e. not obese) patients with T2DM. Further
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investigation into dose accumulation, insulin secretion and translation into transgenic
mice to further understand the mechanism behind the observed phenotype of
SRB103GIn3 mice is required.

This work is limited by the lack of in vitro work performed in mouse cell lines, therefore
the difference in receptor potencies between SRB103 peptides at both mouse
receptors is unknown. Due to differences in sequence homology between the human
and mouse GLP-1R and GCGR, it is possible that the phenotypes witnessed here are
linked to SRB103GIn3 being more potent at the mouse GLP-1R than SRB103His3.
That would produce the same hyperglycaemic phenotype, but it does not explain the
other in vivo phenotypes witnessed. Further investigation of murine receptor signalling
and extensive use of a range of transgenic mouse lines are required to fully
corroborate the anti-hyperglycaemic data produced in this work. Indeed, it has been
reported that biased GLP-1R agonists display improved chronic anti-hyperglycaemic
abilities in micez76,502,504, and the data from this work supports this hypothesis. In
addition to superior metabolic effects compared to an unbiased dual agonist
comparator, SRB103GIn3 showed much greater chronic anti-hyperglycaemic abilities
than liraglutide, a GLP-1R agonist marketed for diabetes and obesity, further
highlighting the exciting potential that SRB103GIn3 displays for tackling obese-related
T2DM.

GCGR activation leads to increased glycaemia, and patients with T2DM typically have
hyperglucagonaemiasss. This has led to the theory the glucagon could be the key
hormonal driver of diabetes, and indeed, Gcgr-~ mice are resistant to the onset of
diabetess29,830 resulting in the development of GCGR antagonists73s,734. However, the
repeated lack of success of GCGR antagonists in clinical trials demonstrates that
insulin signalling is more likely the key driver to the progressive deterioration of
glucose control witnessed in T2DM. Additionally, prolonged GCGR activation has
been shown to increase insulin secretion and sensitivity and may improve the insulin
response to hyperglycaemiases. These data are supported by my work, which
demonstrated the improvements in chronic anti-hyperglycaemia in DIO mice treated
with SRB103 compound compared to the GLP-1R mono-agonist liraglutide, which was

distinct from their superior abilities to improve weight loss as well.
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In summary, this work links the molecular bias of SRB103GIn3 to an improvement in
anti-hyperglycaemic response. This effect is dose related and is lost at higher doses

which produce profound weight loss.

6.3 Dual GLP-1R/GCGR agonist with reduced B-arrestin efficacy

does not further decrease body weight or food intake

Another key in vivo parameter investigated was the ability of the SRB103 peptides to
induce body weight loss and reduce food intake. Many pharmacotherapies marketed
for the treatment of T2DM can result in body weight increases, which is not ideal in
T2Dm as the majority of patients are overweights. Not only does co-agonism of GLP-
1R and GCGR reduce resting glycaemia in humans, it also results in robust weight

loss, which further improves insulin sensitivity227,228,430,431,438,439,441,443 444.

In this work, chronic studies were performed to investigate the chronic glucoregulatory
effects of SRB103 peptides and liraglutide. Therefore, to mitigate changes in body
weight as a confounder for IPGTT performed at the end of the study, these were
performed when all peptide-treated groups were weight matched. At 50nmol/kg, by
the end of the monitoring period (Day 18), SRB103His3- and SRB103GIn3-treated
mice had lost 8.7 and 8.9g respectively (Figure 5.1A), suggesting SRB103GIn3 had
no direct effect on body weight change compared to SRB103His3, a phenotype that
biased GLP-1R agonists have shown versus unbiased comparators276,502,520.
Meanwhile, liraglutide-treated mice showed a 7.0g loss and the weight loss was
plateauing, whilst SRB103-treated mice were continuing to lose weight. This
emphasises that the additional GCGR-mediated effect on energy expenditure with
dual GLP-1R/GCGR agonists can result in a superior weight loss compared to GLP-
1R agonists alone. In the 20nmol/kg study, all peptide-treated groups had lost less
weight by day 15, when the study ended for the IPGTT (6.4g, 4.99g & 5.7 for liraglutide,
SRB103His3 and SRB103GIn3 respectively) (Figure 5.1B). However, the trajectory of
weight loss was as in the 50nmol/kg where liraglutide-mediated weight loss had
plateaued whereas SRB103GIn3 and -His3 treatment was still producing weight loss.
It can therefore be anticipated that, if these studies were further prolonged, the weight

loss resulting from the SRB103 peptides could be even greater than with liraglutide,
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although it appears likely that a similar weight loss would be achieved with
SRB103His3 and SRB103GIn3.

In conjunction with body weight change, food intake was also measured. In both
chronic mouse studies, SRB103GIn3 and -His3-treated mice ate more than liraglutide
treated mice (Figure 5.2) and although the difference was small and, in most cases,
insignificant, it was replicable. There was no difference in food intake between the
SRB103 peptides chronically, which replicates other chronic studies using biased
GLP-1R agonists276,502,520. This phenotype is interesting, suggesting that G protein-
bias at the GLP-1R does not prolong all GLP-1R-mediated phenotypes, and is a
definite case for further investigation for future therapeutic optimisation. It also
suggests that the reduced efficacy for B-arrestin recruitment produced by
SRB103GIn3 does not affect tolerability of the compound. This is exciting as it
suggests for a similar amount of tolerability (i.e. food intake) SRB103GIn3 can produce
a greater anti-hyperglycaemic effect. The trends established in the chronic study
mimic those seen in the acute 8-hour studies in DIO mice, which showed a consistent
reduction in food intake with SRB103GIn3 and SRB103His3 (Figure 4.10B). In
contrast, acute feeding studies in lean mice suggest that SRB103GIn3 reduces food
intake more than SRB103His3 treatment (Figure 4.10A). This difference in acute food
intake between the two mouse cohorts is perhaps related to the dosage of the
compounds, which were calculated using total body weight. Therefore, DIO mice
received a greater total amount of peptide, which as discussed in section 4.1.3, could
result in a greater circulating drug concentration and thus result in SRB103His3
becoming more anorexigenic. The precise mechanisms linking incretin dose, receptor
potencies, bias and food intake are poorly understood, and certainly require more

investigation using antagonists and transgenic mouse lines.

Interestingly, there was a marked difference between results observed in mice and
rats. In rats, at 6- and 12nmol/kg, SRB103GIn3 treatment resulted in a 34% and 45%
reduction in food intake over three days compared to SRB103His3 (Figure 5.5B & C).
There were statistically similar, large reductions in body weight of 34g and 35g for
SRB103GIn3 and SRB103His3 at 6nmol/kg and 45g and 38g for SRB103GIn3 and
SRB103His3 at 12nmol/kg. The weight loss seen with both SRB103 peptides was

greater than that of liraglutide, further highlighting the exciting potential of dual incretin
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receptor agonists as a treatment for weight loss. This also suggests that, in rats,
SRB103GIn3 reduces weight primarily through reduction of food intake, whereas
SRB103His3 results in greater energy expenditure. Evidence from our laboratory
suggest that GLP-1R-favouring agonists cause greater food intake reduction and
increased diuresis, whereas GCGR favouring compounds eat more but lose more
weight through increased energy expenditure. Those findings are repeated here, and
the extent to which G protein GLP-1R bias is affecting food intake with SRB103GIn3
is worth further consideration, as are the effects of differential GCGR signalling on

weight loss, food intake and glucose control in rats.

One possible explanation for the different effects of the SRB103 peptides in mice and
rats may relate to “tissue bias”. Like system bias, this reflects the ability of compounds
to uniquely activate signalling pathways in different tissues (or the same tissue of
different species), corresponding to tissue-specific microenvironment which includes
different expression levels of signal transducers. It is known that different species can
display unique responses to the same ligand at the same receptorsissi4. In this
instance, SRB103GIn3 could act in mice to initiate energy expenditure (perhaps
through BAT browning) whilst in rats, the specific intracellular environment in their BAT
does not couple sufficiently to and allow for SRB103GIn3-mediated energy
expenditure. Additionally, the sensitivity of different physiological actions of GCGR
signalling may explain why SRB103GIn3 does not instigate energy expenditure in rats
whereas SRB103His3 does. Here, some physiological responses to GCGR signalling,
such as gluconeogenesis, may be very sensitive to GCGR signalling whilst others,
such as GCGR-mediated energy expenditure may be less sensitive. As SRB103GIn3
is a low efficacy GCGR ligand, it may be that SRB103GIn3 is not efficacious enough
to stimulate GCGR-mediated energy expenditure in rats whereas SRB103His3, a full
agonist at the GCGR. Therefore, even if the desensitisation produced at the GCGR
between the two SRB103 peptides is different, SRB103GIn3 still would not be able to
elicit GCGR-mediated energy expenditure as its intrinsic efficacy is not large enough.
Whilst these theories are interesting, further delineation is required by evaluating the
pharmacological signalling profile of SRB103GIn3 and SRB103His3 at both the rat
and mouse GLP-1R and GCGR orthologues, and then aligning GCGR physiology in
each species with the given pharmacological profile.

Philip Pickford 181



Biased Signalling of Dual GLP-1R/GCGR Agonists

In summary, there was no difference in body weight reductions observed between the
SRB103 peptides in either species. In mice, both SRB103 peptides produced a lesser
reduction in food intake compared to liraglutide for the same weight loss, suggesting
increased energy expenditure. In rats, the prolonged GLP-1R signalling and partial
GCGR agonism causes great reductions in food intake for SRB103GIn3-treated rats,
whilst reducing the G protein GLP-1R bias and increasing the GCGR signalling
quantity with SRB103His3 causes similar weight loss with much greater food intake,

indicative of increased energy expenditure.

6.4 Summary, Scope and Future Implications

The data presented in this work emphasises the exciting potential that developing

biased GPCR agonists could bring to future disease targets.

Displaying superior anti-hyperglycaemic properties compared to the unbiased
equivalent peptide SRB103His3, and greater chronic weight loss than the GLP-1R
mono-agonist liraglutide, SRB103GIn3 has demonstrated potential as a novel
therapeutic for the treatment of T2DM in obese patients. However, with no change in
acute food intake compared to SRB103His3 in mice and in rats, it appears that this is
unlikely to be accompanies by increased nausea, suggesting tolerability is relatively

improvedszs.

Obesity is closely linked to other metabolic diseases including non-alcoholic fatty liver
disease (NAFLD), in which excessive lipid build up can result in liver cirrhosisss1.
Whilst late stage cirrhosis is currently untreatable, attempts to inhibit the early stage
of fatty liver is of critical importance. GLP-1R agonists, alongside their well-described
effects on weight loss and diabetes control, have displayed exciting potential to
improve hepatic lipid stores after chronic treatment, and G protein-biased GLP-1R
have shown an even greater therapeutic ability than unbiased comparators276,502,504.
As SRB103GIn3 displays G-protein bias at the GLP-1R compared to SRB103His3, it
could be hypothesised that SRB103GIn3 would be an exciting therapeutic candidate
to treat early stage fatty liver. In addition to its biased signalling, SRB103GIn3 also

signals through the GCGR, which has itself been associated with improving fatty liver.
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Dual GLP-1R/GCGR agonists have been described as effective agents to reverse fatty
liver developmentass,sot1,802, and the discovery of this G protein-biased dual GLP-
1R/GCGR agonist may provide an even more powerful tool to tackle NAFLD, and is
worth exploring in the future. GLP-1R agonists have also been implicated in other
disease areas, such as cardiovascular diseasess2 and CNS diseasesss. As metabolism
is such a key physiological event for all cell types, tissues and organs, the direct or
indirect effects of dual agonists and biased signalling is exciting and is worthy of further

study.

An unexplored problem associated with dual GLP-1R/GCGR agonist treatment is the
observed increase in lean mass loss, attributable to GCGR activation. In diabetic
patients, lean mass is a critical tissue to dispose of the high circulating levels of
glucosessi,532. Glucagon stimulates hepatic gluconeogenesis by increasing the flux of
glucogenic amino acids into the liver which results in hypoaminoacidaemia and
ultimately protein catabolismsso. This was witnessed in the chronic studies performed
in this work, where mice displayed greater lean mass loss after SRB103 peptide
treatment compared to GLP-1R agonist liraglutide (Figure 5.4). Interestingly, the
reduced efficacy at the GCGR produced by SRB103GIn3 had no effect on lean mass
loss. In cases of increased circulating glucagon levels, such as glucagonoma patients,
the risk of excessive muscle wasting is greatly increasedsso,3s1,357. In this study, we
observe a greater lean mass loss produced by low dose SRB103 agonist treatment
compared to a similar dose of liraglutide, highlighting the potential risks of GCGR
stimulation in diabetic patients, where glucose sequestration into lean mass is already
compromised. Further increasing lean mass loss in diabetic patients is therefore a
possible limiting factor against their widespread use. Whether alterations to the
signalling profile of the dual GLP-1R/GCGR agonist reduce the tendency for lean mass
loss, such as making the agonist more GLP-1R-favouring or intelligently designed

biased agonism, is further important work that requires investigation.

As described in the chapters beforehand, this work builds on earlier work implicating
G protein-bias at the GLP-1R as metabolically advantageous in the fight against T2DM
and obesity. The principle driving the search for biased peptides rests on the canonical
role of B-arrestins in terminating G protein signalling, meaning that agonists which

minimise the former pathway may allow increased duration of signalling in metabolic
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tissues. Another method to achieve this is to increase the dose or increase the potency
of the ligand to the receptors. However, these two methods do not circumvent the
intrinsic problem with these OXM- or GLP-1R-based ligands: they induce nausea at
doses which limit their therapeutic usage. Creating more potent peptides or increasing
the dose will result in the same problems that conventional ligands possess.
Therefore, the method of reducing the amplitude of signalling of pathways which
create side effect profiles is a method which can actually improve therapeutic output,

as demonstrated by MOR agonist TRV 130 in humansa4go-493.

The process of taking a drug concept from bench top to clinic is time- and resource-
intensive. If SRB103GIn3 were to undergo further preclinical and ultimately clinical
development, a considerable amount of further investigation will be required. Firstly,
alterations to amino acid sequence and addition of macromolecules such as
cholesterol, PEG, or a fatty acid side chain, is required to extend the circulating half-
life of SRB103GIn3, whilst not compromising receptor potency (see section 5.1.1). In
accordance with these changes to the peptide structure, assessment of other
“‘druggable” properties of SRB103GIn3 will also need to be performed. The
assessment of the solubility and stability of the peptide in therapeutic diluent can be
done using HPLC or mass spectroscopy analysis, as performed in our laboratory. After
a potent, selective, PK-enhanced peptide is found, testing of SRB103GIn3
pharmacokinetics, toxicology, tolerability, efficacy and dosage prediction is performed
in a rodent and non-rodent species. Once the peptide is shown to be a “druggable”
peptide both in vitro and in vivo, data is collated into an Investigator's Brochure for the
MHRA application for clinical trials. Even if the MHRA application is granted, the rate
of drug failure in clinical trials is greatsss, therefore the likelihood of SRB103GIn3

progressing to clinic is low.

In conclusion, this project has identified the first reported examples of G protein-
favouring dual GLP-1R/GCGR agonists, and the biased agonist displays greater acute
anti-hyperglycaemic properties due to an increase in insulin secretion in vivo. Whilst
there was no significant difference in weight loss or tolerability chronically, the G
protein-biased compound showed improved anti-hyperglycaemic effects versus an

unbiased comparator compound. This work, therefore, validates G protein/cAMP bias
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for OXM-based dual agonist therapies as a novel method of improving therapeutic

efficacy, and merits further investigation.
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