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Zusammenfassung

Diabetes Mellitus stellt eine der groBten Herausforderungen des Gesundheitssektors dar, mit
welcher sich die westliche Welt in den nédchsten Jahrzehnten konfrontiert sehen wird. Es wird
erwartet, dass die Zahl der Diabetiker rapide ansteigt, was zu grofen Okonomischen
Belastungen und zu einer Reduzierung der Lebensqualitidt der Neu-Diabetiker fiihren wird.
Wenn die Krankheit unbehandelt bleibt, kann dies fiir den Patienten zu lebensbedrohlichen
Konsequenzen, wie zum Beispiel Ketoazidose, fithren. Zusétzlich kann falscher oder
unbehandelter Diabetes zu Langzeitkomplikationen wie Nephropathie, Retinopathie,
Neuropathie oder kardiovaskuldren Erkrankungen fiihren. Nur mit addquater Behandlung der
Patienten ist es moglich diese Langzeitkomplikationen zu umgehen. Zwar gibt es zurzeit
verschiedene Behandlungsmdglichkeiten fiir Typ 2 Diabetiker, jedoch kann es sein, dass bei
fortschreitendem Krankheitsbild und sich verschlechternder Prognosen eine Behandlung mit
Insulinmedikamenten unumgénglich wird. Dariiber hinaus ist die Behandlung mit Insulin

zurzeit die einzige Moglichkeit Typ 1 Diabetiker zu therapieren.

Insulin wurde im Jahr 1921 von Banting und Best zum ersten Mal isoliert. Kurz darauf wurde
die erste erfolgreiche Behandlung eines Diabetikers mit tierischem Insulin durchgefiihrt.
Mitte der 1990er Jahre wurde das erste Insulinanalog (Insulin Lispro) mit einer Verdnderung
der Primérstruktur zur Behandlung von Diabetikern eingefiihrt. Darauf folgten weitere
Insulinanaloga. Diese lassen sich grob in zwei Klassen unterteilen, schnell wirksame
Insulinanaloga und lang wirksame Insulinanaloga. Diese weisen im Vergleich zu reguldrem
Insulin vorteilhafte pharmakodynamische und pharmakokinetische Eigenschaften auf
(schnelle Wirksamkeit vs. lange anhaltender Effekt). Trotz Verbesserungen der
pharmakokinetischen und pharmakodynamischen Eigenschaften sind lang wirksame
Insulinanaloga nicht vollstdndig in der Lage, die endogene Insulinsekretion nachzuahmen.
Um dies zu erzielen befinden sich zurzeit verschiedene ultra-lang wirksame Insulinanaloga in

der (pri-)klinischen Entwicklung.

Durch die Verdnderung am Insulinmolekiil kann es zu unerwiinschten Nebenwirkungen
kommen. So konnte fiir AspB10-Insulin gezeigt werden, dass dieses Insulin eine erhohte
kanzerogene Wirkung hat. Im Fall von Insulin Degludec hat die amerikanische Behorde fiir
Lebens- und Arzneimittel (FDA) die Zulassung fiir den amerikanischen Markt mit der

Begriindung eventueller kardiovaskuldrer Risiken im Zusammenhang mit der Verwendung
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von Insulin Degludec im Jahr 2013 zunéchst untersagt. Des Weiteren forderte die FDA eine
klinische Studie, die diese Risiken ausschlieBen soll. Um die molekularbiologischen
Grundlagen fiir die potentiellen Nebenwirkungen von Insulin Degludec zu untersuchen wurde
im ersten Teil dieser Thesis die Wirkung von Insulin Degludec auf den Insulin Signalweg und
die Funktion von Kardiomyozyten mit Insulin Glargin und reguldrem Insulin verglichen.
Dazu wurden Kontraktionsparameter in primiren Rattenkardiomyozyten sowie die
Kontraktionsfrequenz in humanen Kardiomyozyten, als auch der Apoptosesignalweg und die
Glukoseaufnahme im Gleichgewichtszustand untersucht. In keinem dieser Parameter konnte
ein Unterschied zwischen Insulin Degludec und den anderen verwendeten Insulinen
festgestellt werden. Jedoch wurde festgestellt, dass es zu einem signifikant verzogerten
Wirkungseintritt im Insulin Signalweg von HL-1 Kardiomyozyten kommt, wenn diese mit
Insulin Degludec behandelt wurden. Dies wurde durch die signifikant geringere

Bindungsaffinitit von Insulin Degludec an den Insulinrezeptor erklért.

Im zweiten Teil der Thesis wurde die Sicherheit und Wirksamkeit des neu entwickelten
ultra-lang wirksamen Insulinanalogs HM12470 in in vitro und in vivo Experimenten
untersucht. Beit HM 12470 handelt es sich um ein so genanntes Fc-Fusionsprotein. In den in
vitro Experimenten wurde eine signifikant geringere Bindungsaffinitit von HM12470 zum
Insulinrezeptor festgestellt. Die Verweilzeit am Insulinrezeptor unterscheidet sich hingegen
nicht im Vergleich zu reguldrem Insulin. Dariiber hinaus wurde kein Unterschied im
Insulinrezeptor-Autophosphorylierungsmuster festgestellt. Einzig auf Grund der geringen
Rezeptoraffinitit musste die 5-fache Konzentration von HM 12470 verwendet werden, um zu
vergleichbaren Zeitpunkten Phosphorylierung analysieren zu konnen. Die Analyse der
mitogenen Eigenschaften von HM12470 ergab keinen Unterschied zu reguldrem Insulin,
selbst wenn hohe Konzentrationen der Insuline (1000 nM) verwendet wurden. Es konnte
gezeigt werden, dass die metabolische Wirkung nach Kurzzeit-Stimulation (2 h) im Vergleich
zu reguldrem Insulin leicht reduziert war. Nach der Langzeit-Stimulation (24 h) konnte jedoch
kein Unterschied zwischen beiden Insulinen festgestellt werden. Interessanterweise ist diese
Beobachtung auf geringere Insulinrezeptor-Herunterregulierung nach Behandlung mit
HM12470 zuriickzufiihren. Dies ist sogar der Fall, wenn eine 5-fach erhohte Konzentration
von HM 12470 verwendet wurde. Um die Insulinrezeptor-Regulierung weiter zu untersuchen,
wurde ein Desensitisierungs/Resensitisierungs-Modell entwickelt. Darin wurden die Zellen
fiir fiinf Tage mit 500 nM des jeweiligen Insulins behandelt und anschlieend fiir bis zu zwei
Tage in insulin-freiem Medium weiter kultiviert. Bei dieser Versuchsreihe konnten weitere

Beweise gefunden werden, dass HM12470 die behandelten Zellen nicht dauerhaft
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desensitisiert. Nach flinf-tdgiger Behandlung war der Insulinsignalweg in HM12470
behandelten Zellen signifikant beeintrdchtigt, nach zwei Tagen ohne Insulinbehandlung
zeigten die HM 12470 behandelten Zellen eine nahezu vergleichbare Insulinwirkung wie die
Kontrollzellen. Dartiber hinaus war die Insulinwirkung auf diese Zellen signifikant besser als
auf Zellen welche zuvor mit reguldrem Insulin behandelt wurden. In den in vitro
Experimenten konnte gezeigt werden, dass HM 12470 seine Wirkung in allen Zielorganen von
ménnlichen Wistar-Ratten erreicht. Zusitzlich wurde gezeigt, dass HM 12470 eine Serum-
Halbwertzeit von 44.1 h in Ratten aufweist und in der Lage ist, den Blutglukosespiegel in

b\ usen bis zu sieben Tage nach einer einzelnen Injektion zu normalisieren.

Zusammenfassend konnte in dieser Thesis kein negativer Effekt von Insulin Degludec auf den
Insulinsignalweg und die Funktion von Kardiomyozyten gezeigt werden. Zusdtzlich konnte in
dieser Thesis eine umfassende in vitro und in vivo Studie des Insulinanalog HM12470
priasentiert werden. Dabei zeigte sich, dass HM12470 ein substantiell verléngertes
pharmakokinetisches Profil und ein sicheres metabolisches/mitogenes Profil aufweist und
zusdtzlich die einzigartige Eigenschaft besitzt, Zellen selbst in hohen Konzentrationen nicht
irreparabel zu desensitisieren. Diese pré-klinischen Daten liefern Hinweise fiir die Sicherheit
und Effektivitit von HM 12470, welche nun in klinischen Studien noch nachgewiesen werden

miissen.
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Diabetes mellitus is one of the largest health issues the western society is facing in the coming
decades. The number of diabetic patients is expected to increase rapidly, leading to high
economic burdens and to decreased quality of life for the patients themselves. These patients
face life threatening consequences, such as ketoacidosis, if the disease is not treated.
Furthermore, long-time consequences, such as nephropathy, retinopathy, neuropathy and
cardiovascular disease can occur if the patients are not treated properly. With sufficient
treatment only, diabetic patients have a chance to circumvent most of the complications
associated with diabetes. Today, several therapy options for the treatment of type 2 diabetes
mellitus are available. However, ultimately exogenous insulin supplementation might become
necessary to prevent hyperglycaemia. Furthermore, the supplementation of exogenous insulin

is the only treatment option for type 1 diabetes mellitus patients to date.

The first isolation of insulin was conducted by Banting and Best in 1921. Shortly after, the
first diabetic patient was successfully treated with exogenous insulin supplementation. In the
mid-1990s insulin lispro, the first insulin analogue with modification in its primary structure
was introduced and several others followed. These insulin analogues are mainly divided into
two classes: rapid- and long-acting insulin analogues, which exhibit favourable
pharmacokinetic/pharmacodynamic profiles compared to regular insulin (faster onset vs.
longer duration of action). However, the pharmacokinetic/pharmacodynamic profiles of long-
acting insulin analogues do not mimic endogenous insulin secretion yet and novel ultra-long-

acting insulin analogues are currently in (pre-)clinical development.

Furthermore, the introduced modifications can lead to undesired side-effects as could be
shown for insulin AspB10, which shows increased cancerogenicity. For insulin degludec the
American Food and Drug Administration raised concerns about potential cardiovascular
side-effects and therefore requested a dedicated cardiovascular outcome trial. To analyse the
molecular basis of insulin degludecs potential side-effects, the first part of this thesis was to
compare insulin degludec to insulin glargine and regular insulin in regard of signalling and
function on cardiomyocytes. Therefore contractility parameters of adult rat ventricular
myocytes, beating-rate of human cardiomyocytes, as well as apoptotic signalling and glucose
uptake under steady-state conditions were analysed. In none of these parameters a difference

between the different analogues was observed. However, the onset of action in HL-1 cells was
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significantly slower with insulin degludec, which was explained by the significantly lower

binding affinity of insulin degludec towards the insulin receptor found in this study.

In the second part of the thesis in vitro and in vivo studies regarding the safety and efficacy of
the novel ultra-long-acting insulin analogue HM 12470, an Fc-fusion protein, were conducted.
In the in vitro studies we found significantly lower binding affinities towards the insulin
receptor with HM 12470, but similar off-rates compared to regular insulin. No difference in
the insulin receptor autophosphorylation pattern was detected, even though a 5-fold higher
insulin concentration had to be used to observe onset of signalling after short-term treatment.
The mitogenic potency of HM 12470 was found to be comparable to regular insulin even if
high concentrations (1000 nM) were used. The metabolic potency was slightly reduced after
short-term stimulation (2 h). However, after long-term stimulation (24 h) with HM12470
comparable metabolic potency was observed. Interestingly, this observation was due to
significantly less receptor down-regulation in the cells treated with HM 12470, even with a 5-
fold higher concentration. In another experiment the insulin receptor downregulation was
analysed in a desensitisation/resensitisation model. Cells were treated for 5 days with 500 nM
of the respective insulin. Subsequently, cells were cultivated for up to 48 h in the absence of
insulin. Here further evidence was found, that HM 12470 did not irreversibly desensitise the
cells. After 5 days of treatment the insulin signalling was significantly reduced. After 48 h of
recovery, the cells treated with HM 12470 showed insulin signalling nearly comparable to the
control cells. Furthermore, HM 12470 treated cells showed significantly increased signalling
compared to insulin treated cells at this time point. In the in vivo experiments it was
demonstrated that HM 12470 is able to induce insulin signalling in all major insulin target
tissues in male Wistar rats. Additionally, HM 12470 has a serum half-life of up to 44.1 h in

db/db

rats and glucose lowering effects of up to 7 days in mice after single subcutaneous

injection.

In conclusion, this thesis provides no evidence for harmful effects of insulin degludec with
regard to cardiomyocyte signalling and function. Furthermore, this thesis provides a
comprehensive pre-clinical study of the insulin analogue HM12470. HM12470 exhibits a
substantially prolonged pharmacokinetic profile with a safe metabolic/mitogenic profile and
the unique feature of absence of irreversible insulin signalling desensitisation. Thus providing
pre-clinical evidence for safety and efficacy of HM12470, which needs to be proven in

clinical trials.
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Introduction

1 Introduction

1.1 Diabetes Mellitus

Diabetes mellitus is a chronic metabolic disorder where the body cannot produce enough
insulin or cannot properly use the insulin it produces [1] leading to an increased blood glucose
level, known as hyperglycaemia. Diabetes has become one of the largest health issues
worldwide with 415 million adults (20 — 79 years) and more than 0.5 million children and
adolescents (<15 years) suffering from this disease [2]. These numbers are expected to grow
rapidly, up to 642 million adults until 2040 and an annual increase of roughly 3 % in children
[2-5]. Furthermore, 318 million people show impaired glucose tolerance (IGT) or impaired
fasting glucose (IFG) and are considered pre-diabetic with a high risk of developing diabetes
mellitus. The number of people being pre-diabetic is estimated to increase up to 481 million

in 2040 [2].

Diabetes can be divided into two main types: 1) Type 1 diabetes mellitus (T1DM) and
2) Type 2 diabetes mellitus (T2DM) and is diagnosed when patients show clinical symptoms
(e.g. polyurea, polydipsia or dry mouth, lack of energy, sudden weight loss) and match at least

one of the diagnostic criteria described in Table 1.

Table 1: Laboratory criteria for diagnosis of diabetes. Adapted from the WHO [6, 7]

Diagnostic criterion Diagnostic value
Fasting plasma glucose > 7.0 mmol/L
Two hour plasma glucose >11.1 mmol/L
Random venous plasma glucose >11.1 mmol/L
Glycated haemoglobin >6.5%

1.1.1 Type 1 Diabetes Mellitus

Even though the exact etiology of TIDM is not fully understood, it is generally considered as
an autoimmune disease leading to B-cell death and subsequently to absolute insulin deficiency
and chronic-hyperglycaemia. Therefore, patients with TIDM require life-long substitution of

insulin to survive.

This autoimmune disorder is triggered by environmental factors in genetically susceptible

individuals [8]. Several genetic alleles have been found which are correlated with

1
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development of TIDM. The allele with the strongest correlation is the human leucocyte
antigen (HLA) region [9-11]. Other alleles associated with the development of TIDM are the
insulin gene region [12, 13], protein tyrosine phosphatase, non-receptor type 22 (PTPN22)
[14, 15], interleukin-2 receptor-alpha gene (IL2RA) region [16, 17] and the gene encoding for
cytotoxic T lymphocyte-associated protein 4 (CTLA-4) [18, 19]. Another locus discovered is
the gene which encodes for interferon-induced helicase 1 (/FIHI) [20]. The IFIHI locus is
especially interesting, since it plays a crucial role in innate immunity against viral dsSRNA of
picorna viruses [21] and infection with Coxsackievirus B (CVB), a picorna virus, which
seems to be linked to development of TIDM. This could be a potential link between genetic

susceptibility and environmental factors.

In general, viral infection of islet cells seems to come closest to represent a causal relationship
to TIDM development [22, 23]. It could be shown that islets from recent-onset T1DM
patients show significant increased virus infection compared to the control group [24, 25] and
that anti-CVB4 antibodies recognize autoantibodies in TIDM patients, which subsequently
leads to apoptosis of B-cells [26]. Other proposed environmental factors are bacteria, cow’s
milk and lack of vitamin D. For bacteria it could be shown that antibiotics and probiotics, at
least indirectly, influence TIDM development by altering the gut microbiome [27]. Low
levels of vitamin D metabolites are found in T1DM patients around clinical onset [28] and a
decreased incidence is observed in people with genetic predisposition by increased vitamin D
intake [29]. However, for cow’s milk the literature is contradictory. While a cross-reactivity
of serum antibodies of TIDM patients between albumin and ICA-1, a B-cell surface protein,
was found in 1992 [30] the Diabetes Autoimmunity Study in the Young (DAISY) trial did not
find any causal consequence [31]. It is believed that immunity to cow’s milk proteins is rather

a general defect in mucosal immunity than a risk factor for itself [32].

Since TIDM is an autoimmune disease, several autoantibodies have been identified which
lead to progression and manifestation of TIDM. The main autoantigens are
insulinoma-associated antigen-2 (I-A2), insulin (IAA or micro IAA), glutamic acid
decarboxylase 65 (GADG65) and zinc transporter 8 (ZnT8). In the BABYDIAB trial it was
found that just a small percentage of children expressing only one of those autoantibodies
progresses to TIDM [33, 34]. Furthermore, in the European Nicotinamide Diabetes
Intervention Trial (ENDIT) 62 % of the study participants expressing multiple autoantibodies
progress to TIDM [35], confirming the results from the Diabetes Prevention Trial-1 (DPT-1)
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trial [36]. Therefore, the number of autoantibodies seems to play a more important role than

the specificity of the autoantibodies in the development and progression of T1DM.

1.1.2 Type 2 Diabetes Mellitus

The major form of diabetes is T2DM, which accounts for 90-95 % of all diabetic people.
T2DM has another etiology than TIDM. Instead of destruction of B-cells leading to insulin
deficiency, T2DM is rather characterised by insulin resistance in the major target organs (e.g.
skeletal muscle, adipose tissue, liver) combined with relative insulin deficiency [37]. In later
stages of the disease the pancreatic B-cells fail to produce enough insulin to cope with

hyperglycaemia.

As in TIDM, genetic susceptibility plays an important role in the development of T2DM.
With different genetic approaches more than 80 common genetic variants associated with the
disease were identified [38]. Almost all of those candidate genes play a role in regulation of
insulin secretion and only a minor part is involved in insulin sensitivity [39]. However, the
increase in risk of developing T2DM associated with these variants varies between 5-40 %.
Furthermore, only a minority of observed heritability is associated with these loci [38, 40].
Thus, environmental factors are the main causes for the development of T2DM. Those are,
but not limited to, excess body fat especially in the abdominal area, sedentary lifestyle and a
poor diet with high intake of unsaturated fatty acids and processed sugar [2, 41]. For example
studies could show that the likelihood of developing T2DM is positively correlated with the
body mass index (BMI) and highly increased in morbidly obese (BMI > 35) people [42, 43].

1.1.3 Consequences of Diabetes

Diabetes leads to decreased quality of life and is accompanied by an enormous economic
burden. Healthcare expenditure is 2 -3 fold higher in diabetic patients compared to
non-diabetic people [44-46]. Acute, life threatening complications are diabetic ketoacidosis
due to exceptionally high hyperglycaemia or coma triggered by hypoglycaemia. Long-term
risks are mainly triggered by micro- and macroangiopathies due to a constant hyperglycaemic
state [47]. In microangiopathies small blood vessels are damaged, which can lead to
nephropathy, retinopathy and neuropathy. In macroangiopathies large blood vessels undergo

pathological changes (e.g. atherosclerosis) leading to cardiovascular disease (CVD).

Nephropathy due to diabetes is the main cause of end stage renal failure in industrialised
countries [48]. Additionally, end stage nephropathy is a major risk factor for the development

of CVD [49, 50]. Early in the disease progression the kidney undergoes hypertrophy mainly
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due to increase of the proximal tubule mass [51]. Consequently, reabsorption of glomerular
filtrate is increased leading to an increase in glomerular filtration rate (GFR) [52]. This in turn
decreases the excretion of several substances, such as glucose, fatty acids, proteins and amino

acids. Ultimately the progression leads to renal failure and can lead to death if left untreated.

Retinopathy is caused by lesions within the retina and the main reason for blindness in adults
[53, 54]. This disease is slowly progressing and most diabetic patients develop retinal lesions
20 years after diagnosis [54-56]. In early stages, the so called non-proliferative state,
hyperglycaemia leads to pericyte death and basement membrane thickening, which alters
vascular permeability [53]. After progression to the proliferative state, neovascularisation and

macula edema occurs, resulting in visual impairment and can ultimately lead to loss-of-vision.

Neuropathy develops in more than half of all diabetics [57] and diabetics have a lifetime risk
of up to 15 % for lower extremity amputation [58]. Furthermore, it is the primary cause for
impaired wound healing, erectile dysfunction and cardiovascular dysfunction in diabetes.
Neuron size seems to play an important role in diabetic neuropathy. Longer nerves show early
loss of conduction velocity and loss of nerve terminals. This primarily leads to loss of
sensation and tingling observed in feet and hands [58]. However, not only motoneurons but
the autonomic nervous system is influenced too. This leads to orthostatic hypotension,
resulting from loss of ability to properly adjust heart rate and vascular tone. Furthermore,
nerves innervating the intestines can be affected, leading to nausea, bloating and diarrhoea

[58].

CVD summarises several disorders including atherosclerosis, myocardial infarction, stroke
and impaired cardiac functionality. CVD is the most common cause of death in people
suffering from diabetes [2]. For example, the risk of diabetic patients to develop myocardial
infarction is equivalent to non-diabetics with history of myocardial infarction [59] and
threefold increased compared to the general population [60]. Atherosclerosis develops due to
atherosclerotic plaque formation, where several cell types and processes are involved. Plaque
formation is associated with the risk of blocking the vessel or disruption of the plaque with
thrombus formation, leading to the aforementioned consequences (e.g. stroke, myocardial
infarction). Another risk is damage to cardiac tissue due to diabetic cardiomyopathy, which is
characterised by diastolic dysfunction [61]. With progression, diabetic cardiomyopathy may
result in diastolic heart failure due to myocardial stiffening, hypertrophy and neuronal
abnormalities [58]. In the group of patients with diastolic heart failure, diabetic individuals

are overrepresented [62].
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Taken together, diabetic people can and will suffer from a variety of pathophysiological
processes if the disease is not treated properly. This leads to the need of sufficient therapy or

prevention approaches to stop or reverse damage inflicted by diabetes.

1.1.4 Diabetes Therapy

For T1DM, clinical trials mostly focus on immune therapies to normalise immune
dysregulation or induce tolerance against specific antigens [63] with insufficient effect to
date. Only few studies tried to elaborate induction of B-cell regeneration itself [64, 65]. In
animal studies different combinations of immunotherapies were tested [66-68], which were
not successful in reversal of TIDM, due to immense adverse effects of high anti-CD3
antibody doses used. Combination therapies conducted in humans mostly did not decrease
insulin requirement and hypoglycaemic events [69]. Other approaches are islet cell
transplantation, which bears limitations due to lack of donors and the need of
immunosuppression [70] or insulin producing stem cells and reprogrammed cells [71, 72].
Even though huge efforts are currently undertaken to tackle TIDM progression and onset, to

date the only successful therapy is substitution with exogenous insulin to prevent death.

Since destruction of B-cells is not the main cause for the development of T2DM, there are
several treatment options available maintaining glycaemic levels close to those of
non-diabetics. In a consensus statement jointly published by the American Diabetes
Association (ADA) and European Association for the Study of Diabetes (EASD), intervention
strategies for T2DM patients are suggested [73]. As the first step they recommend initiating
lifestyle intervention with increased activity targeting weight loss. This leads to improved
glycaemic control in type 2 diabetics by improving or resolving the risk factor
overweight/obesity [74, 75]. However, patient compliance strongly limits the effect of
lifestyle intervention therapies. If patients do not reach glycated haemoglobin (HbA1c) goals,
or are not able to lose or maintain weight, metformin should be additionally introduced into
the therapy plan. The exact mechanism of how metformin improves glycaemic control is not
fully understood yet. However, it is known that metformin inhibits complex 1 of the
mitochondrial respiratory chain and thereby blocking gluconeogenesis [76]. Additionally,
hepatic glucose production is inhibited via differential gluconeogenic gene expression [76].
This leads to lower hepatic glucose output accompanied with lower fasting plasma glucose

level.
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During progression of the disease additional drugs may be required to prevent
hyperglycaemia. The ADA and EASD recommend using sulfonylurea or insulin for further
treatment [73]. Sulfonylureas enhance insulin secretion via binding to its receptor which is
part of the potassium channel complex on B-cells [77] and thereby leading to reduced blood
glucose levels. Insulin analogues themselves are designed to mimic endogenous insulin
secretion and compensate for unsatisfactory insulin output by B-cells. The advantage of

insulin analogues is the ability to intensify therapy in case HbAlc aims are still not met.

Other classes of anti-diabetic drugs, not covered in the favourable treatment regimen by the
ADA and EASD are: glinides, alpha-glucosidase inhibitors, peroxisome proliferator-activated
receptor-y (PPAR-y) agonists, pramlintide, colesevelam, glucagon-like peptide-1 (GLP-1)
receptor agonists, dipeptidyl peptidase 4 (DPP4) inhibitors, bromocriptine and
sodium-glucose-cotransporter 2 (SGLT2) inhibitors. Similar to sulfonylureas, glinides
increase insulin secretion [78]. PPAR-y agonists improve insulin sensitivity [79] partly via
remodelling of fat depots [80]. The remaining substance classes can be divided into three
groups, depending on their site of action. 1) Drug action in the gastro-intestinal tract, like
GLP-1 receptor agonists [81] and DPP4 inhibitors [81]. 2) Drug action in the kidney, which is
shown for SGLT2 inhibitors [82, 83] and 3) drug action in the CNS as shown for the

dopamine-receptor agonist bromocriptine [84, 85].

Another, very promising yet invasive technique to treat T2DM is bariatric surgery. Several
studies could show that bariatric surgery is a powerful tool which can resolve clinical and
laboratory signs of T2DM for up to more than 2 years after surgery. During this time
medication was not needed anymore [86, 87]. The metabolic effect could be shown for both,
morbidly obese patients (BMI > 35) (82 % of patients in first two years and 62 % for more
than 2 years following surgery) [86] and obese patients (BMI 30 - 35) (85.3 % off
medication) [87].

1.2 Insulin

1.2.1 Structure and Processing

The first isolation of insulin from pancreatic tissue was done in 1921 by Banting and Best
[88]. Pancreatic extracts were used shortly after to treat the first diabetic patients. It took
many years and development in biological techniques to identify the structure and processing
steps involved in maturation of insulin. Insulin was the first protein ever for which the whole

primary amino acid (AA) sequence was determined. Sanger discovered the two-chained
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structure of insulin in 1955 [89, 90]. Insulin consists of an A- and B-chain linked by two
disulphide bridges between CysA7 — CysB7 and CysA20 — CysB19. An additional disulphide
bridge links CysA6 — CysAll. The A-chain consists of 21 AA and the B-chain of 30 AA.
Over a decade later evidence was found that insulin has a single-chained precursor molecule,
which was named proinsulin [91, 92], connecting both chains via the so called C-peptide, a
peptide consisting of 31 AA. Even later an additional precursor molecule, preproinsulin, was

discovered [93-95].

A C-peptide rER

A-chain

preproinsulin
N-term
signal
peptide
B C-peptide golgi network/ immature vesicles
A-chain
proinsulin
B-chain
N-term
‘ C-peptide -
C immature and secretory vesicles
S ——————————8 A-chain
*—C-tet‘m insulin
S S
*\ S
B-chain S

N-term

Figure 1: Schematic overview of insulin maturation.

Insulin is translated as two precursor molecules, (A) preproinsulin and (B) proinsulin. (A)
Preproinsulin is translated into the rER via the signal peptide (green) which is cleaved off inside rERs
lumen. (B) Proinsulin is transported via the golgi network and stored into immature, secretory
vesicles. In these vesicles the C-peptide (red) is cleaved off. (C) The mature insulin consisting of an
A-chain (light blue) and a B-chain (dark blue) is stored in secretory vesicles until exocytosis. TER =
rough endoplasmatic reticulum, N-term = N-terminus, C-term = C-terminus
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Preproinsulin is synthesized on the membrane of the rough endoplasmatic reticulum (rER) as
a single-chained molecule consisting of insulins A- and B-chain, the characteristic C-peptide
of proinsulin and a 24 AA signal peptide on the N-terminus of the molecule. The signal
peptide facilitates penetration of the nascent preproinsulin molecule into rERs lumen. After
transition into the lumen the signal peptide is cleaved and preproinsulin thereby converted to
proinsulin (Fig. 1A-B). The newly formed proinsulin is then transported from the rER to the
cis-golgi network by an ATP-dependent pathway [96]. Subsequently, proinsulin is transported
stepwise to the trans-golgi network where it is stored in immature clathrin-coated secretory
vesicles [97, 98]. Conversion of proinsulin to insulin is facilitated in these immature clathrin-
coated vesicles [99-101], where the C-peptide is cleaved off (Fig. 1B-C) by proprotein
convertase 1 and 2 (PC1/PC2) and carboxypeptidase E (CPE) under acidic conditions [102].

In the maturing exocytotic vesicles acidic pH-values are found together with high
concentrations of insulin and Zn**-ions [103] which leads to formation of densely packed
insulin hexamers [104, 105]. These vesicles are then stored in the B-cell until stimulating

agents lead to exocytosis or until these vesicles are degraded by crinophagy.

1.2.2 Signalling and Function

Once released into the blood-stream the hexamers dissolve first to dimers and subsequently to
the active, monomeric form of insulin. Major target-organs affected by insulin are skeletal
muscle, liver and adipose tissue. Additionally, insulin affects other organ systems as well (e.g.
heart and brain). In general, insulin action leads to glucose uptake into the tissue, stimulation
of glycogen and fatty acid synthesis and furthermore to inhibition of gluconeogenesis and
lipolysis [106]. Moreover, insulin affects a variety of processes in other organs, such as
contractility and beating-rate of the heart [107, 108]. These processes are regulated by a

complex signalling network (for schematic overview see Fig. 2).

In the first step insulin needs to bind to the insulin receptor (IR). The IR is a member of the
tyrosine kinase receptor family and consists of two heterodimers which are linked via two
disulphide bridges. Each heterodimer contains an a- and a -subunit, whereas the a-subunits
are located extracellular, the B-subunit has three domains: the extracellular domain, the
transmembrane domain and the cytosolic domain [109]. Insulin binds to the a-subunit leading
to conformational changes of the IR and thereby activation of the tyrosine kinase. This leads

to auto-phosphorylation of the cytosolic domain of the B-subunit (e.g. auto-phosphorylation
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of Tyr’”?, Tyr'*®" Tyr'"" and Tyr'""). Activation of the phosphorylation sites leads to
downstream phosphorylation of various substrates, such as insulin receptor substrates (IRS),
Cbl and Shc isoforms [106]. The insulin signalling pathway is split into two major arms; the
metabolic posphoinositide 3-kinase (PI3K) pathway and the mitogenic mitogen-activated
protein kinase (MAPK) pathway. In the metabolic pathway, PI3K is recruited by IRS proteins
via  the  regulatory subunit  p85 and  catalyses  phosphorylation  of
phosphatidylinositol 4,5-bisphosphate (PIP,) to generate
phosphatidylinositol 3,4,5-triphosphate (PIP3;) via its catalytic subunit p110. PIP; in turn
facilitates recruitment of protein kinase B (PKB), also known as Akt, and
phosphoinositide-dependent protein kinase-1 (PDK1) to the plasma membrane. Due to the
close proximity of PDK 1 and Akt, the latter is phosphorylated at the Thr'®® residue [110] and
is subsequently phosphorylated at the Ser*” residue via the RICTOR-mTOR complex [111].
Full activation of Akt regulates a plethora of downstream targets which lead to the
aforementioned effects (e.g. glucose uptake, glycogen synthesis, fatty acid synthesis) as well
as promoting anti-apoptotic effects, protein synthesis and differential gene expression among

other processes [110].

In the mitogenic pathway, Shc and IRS-1 recruit members from the growth factor
receptor-bound (GRB) protein family [112, 113]. The GRB proteins lead to activation of
different proteins in the Ras-Raf-MAPK pathway, ultimately leading to activation and
translocation of Erk 1/2 into the nucleus and thereby promoting cellular growth [112].
However, the growth promoting effect of insulin at physiological concentrations is much less

compared to other growth factors, such as IGF-1 or EGF.
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Figure 2: Schematic overview of crucial steps in insulin signalling.

After binding of insulin to the insulin receptor, the signalling cascade leads to various physiological
effects. In the metabolic arm (left side) receptor autophosphorylation leads to activation of IRS
proteins, which in turn activates PI3K via the regulatory subunit p85. PI3K leads to activation of Akt
via the second messenger PIP;. Akt in turn triggers several processes, most importantly GLUT4
vesicle translocation to the cell membrane, leading to glucose uptake into the cells. In the mitogenic
arm (right side) insulin receptor autophosphorylation activates Shc proteins and IRS-1, leading to
activation of proteins from the GRB family. The activation of GRBs leads to subsequent activation of
the mitogen activated protein kinase pathway (e.g. Ras and Erk1/2) initiating cell growth. Adapted
from [114].

1.3 Insulin Analogues

Postprandial serum insulin concentrations rise and reach a peak after 30-45 min and
subsequently the concentrations decline and are back to basal level after 2 —3 h. Ideally
subcutaneous (s.c.) administered insulin or insulin analogues would mimic this

time-action-profile.

Early modifications of insulin did not meet these requirements. The first slow-release insulin
was developed in 1936 using animal insulin together with protamine, a protein isolated from
fish sperm, called neutral protamine Hagedorn (NPH) insulin [115]. Protamine reduces

solubility of insulin and leads to small insulin crystal depots at the injection site [115, 116].
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However, the depots vary in size and therefore the absorption kinetics varies tremendously
[117]. The inter- and intra-patient variability is further increased due to failure in resuspension
of the NPH insulin solution prior to administration [118, 119]. Onset of action of NPH
insulins are between 2-4 h with a peak in serum levels at 4-10 h and maximum duration of up
to 18 h [120]. Thus it requires administration twice daily and pharmacokinetic (PK) and
pharmacodynamic (PD) characteristics can lead to hypoglycaemia, which is a common issue

for NPH recipients [121].

In 1978 Genentech developed the first synthetic human insulin using Escherichia coli [122].
This insulin was used to develop regular human insulin (RHI) and human NPH insulin in
1982 by the Eli Lilly laboratories. Even though RHI is not further modified, s.c. injection
does not mimic physiological pattern since it shows slower peak serum level and prolonged
elevated serum insulin level compared to healthy individuals [123]. The onset of action is
seen after 30-60 min, peak serum concentrations are reached between 2-6 h and the duration
of action is up to 8 h [120]. Consequently, this leads to postprandial hyperglycaemia and
subsequent increased risk of hypoglycaemia. Postprandial hyperglycaemia can only be
avoided, if RHI is injected around 60 min prior to the meal leading to low patient compliance

[124].

These problems could not be overcome until the development of the first “real” insulin
analogues, defined as modifications introduced into the primary structure of the native human
insulin molecule, which emerged in the 1990s. Subsequently, various modified insulin
analogues were tested in laboratories, which led to the discovery of several AA important for
IR-binding. These AA are: GlyAl, lleA2, ValA3, TyrAl9, LeuB6, ValB12, GlyB23 and
PheB24 [125]. Researchers were then able to modify the insulin in a way that those insulins
showed either rapid onset of action or extended duration of action, leading to the two
categories of insulin analogues: rapid-acting insulin analogues or prandial insulin analogues

and long-acting insulin analogues or basal insulin analogues.

1.3.1 Rapid-Acting Insulin Analogues

The general design principle of rapid-acting insulin analogues is accelerating the onset of
action by faster absorption due to minimising dimer- and hexamer-formation. For
dimerization the region B26-B30 of the insulin molecule is important [126]. Therefore,

changes in this region were introduced to design rapid-acting insulin analogues.
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insulinlispro  insulinaspart insulin glulisine

Figure 3: Modifications of rapid acting insulin analogues compared to human insulin.

Insulin lispro (red) shows a reversal of the amino acids proline and lysine at position B28 and B29.
Insulin aspart (blue) single substitution is aspartic acid instead of proline at position B28. Insulin
glulisine (green) is modified on position B3, where asparagine is substituted by lysine, and position
B29, where lysine is substituted by glutamic acid. These changes lead to faster onset of action
observed in all three analogues. Adapted from [127].

Insulin lispro (Eli Lilly)

Insulin lispro was the first rapid-acting insulin analogue available and was approved in 1996.
In insulin lispro the primary structure shows a reversal of the AA at position B28 and B29
(ProB28,LysB29 -> LysB28,ProB29), naming the molecule insulin lispro (Fig. 3). This
modification causes decreased dimer formation and thereby leading to the desired effects of
faster absorption, higher peak serum level and a shorter duration of action compared to
regular human insulin [128]. Onset of action starts within 15 min, peak serum levels are
reached around 1h after injection and duration of action is 2-4 h [128, 129]. Importantly, the
affinity for IR is similar compared to human insulin. It is noteworthy, that the insulin-like
growthfactor-1 receptor (IGF-1R) affinity is slightly increased, but lispro does not show
increased mitogenicity [130]. The rapid onset and high peak serum level are leading to
improved postprandial glucose level and lower rates of hypoglycaemic events between two

meals compared to RHI [131-133].

Insulin aspart (Novo Nordisk)

Insulin aspart was approved in 2000 for clinical use, and the second rapid-acting insulin
analogue available. In insulin aspart ProB28 is substituted with the charged AA aspartic acid
(AspB28) (Fig. 3), which leads to reduced self-dimerization [134]. IR and IGF-1R interaction
kinetics are comparable to RHI [135] and IGF-1R receptor affinity is slightly lower [136].
Comparable metabolic efficacy to RHI after intravenous injection could be shown [137]. The

PK/PD profile of insulin aspart is similar to insulin lispro [138-140] and thereby showing
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non-inferiority of insulin aspart compared to insulin lispro. With the given properties the
postprandial glucose level are lower with aspart [139], even when the analogue is injected
directly before the meal compared to RHI [141]. Expectedly, lower hypoglycaemic events

were observed between two meals with insulin aspart [142].

Insulin glulisine (Sanofi-Aventis)

Insulin glulisine was approved in 2004 for clinical use. Substitution of AsnB3 with LysB3
and LysB29 with GluB29 is introduced into the insulin molecule (Fig. 3). The substitution at
position B29 weakens dimerization of insulin, but does not fully prevent it [143] and thereby
desensitizing glulisine to denaturation after injection [144]. Insulin glulisine is the only
rapid-acting insulin analogue with a zinc-free vehicle, preventing hexameric aggregation of
the molecule. Furthermore, the isoelectric point is lowered to pH 5.1, increasing solubility at
injection site [145], leading to slightly improved PK/PD profiles compared to insulin lispro
[145]. It shows the ability to achieve good postprandial glycaemic control even when it is
injected directly prior or 15 min after the meal [146]. Safety and efficacy could be shown in

clinical trials with TIDM and T2DM patients [147, 148].

1.3.2 Long-Acting Insulin Analogues

In contrast to rapid-acting insulin analogues, the design principle for long-acting insulin
analogues is delaying release and absorption of monomeric insulin molecules and ideally
increasing circulatory half-life. Currently, three different approaches are used to achieve slow
absorption and increased half-life. These approaches are: shifting the isoelectric point towards
a neutral pH leading to precipitation of the drug at injection site (insulin glargine (IGla)), fatty
acid-acylation of insulin enabling binding to human serum albumin (HSA) and thereby
increasing the half-life (insulin detemir (IDet) and insulin degludec (IDeg)), or increasing
hydrodynamic size of the molecule to hamper absorption and excretion (basalinsulin

PEGlispro (BIL)).
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Figure 4: Modifications of long-acting insulin analogues compared to human insulin.

Insulin glargine (green) shows a substitution of the amino acids asparagine with glycine at position
A21 and addition of two arginine residues at position B31 and B32. Insulin degludec (red) has a
deletion of threonine at position B30 (red X) and a C16 fatty acid attached via a glutamic acid spacer
to lysine at position B29. Insulin detemir (blue) has the same deletion as insulin degludec (blue X)
with a C14 fatty acid attached to lysine at position B29. Basalinsulin PEGlispro (orange) shows the
reversal of proline and lysine at position B28 and B29 as seen in insulin lispro, with a 20-kDa
polyethylene glycol residue attached to lysine at position B28. These changes lead to different modes
of action, however all modifications lead to the desired long duration of action in all shown analogues.
PEG = polyethylene glycol. Adapted from [127].

Insulin glargine (Sanofi-Aventis)

IGla was first approved in 2000 for clinical use in type 1 and type 2 diabetics and the first
available long-acting insulin analogue. In IGla the B-chain is elongated by two arginine
residues and asparagine at position A21 is substituted with glycine (GlyA21,ArgB31,ArgB32
human insulin) (Fig. 4). The modifications lead to a shift in the isoelectric point from pH 5.4
to nearly neutral pH values (6.7), leading to subsequent precipitation after s.c. injection and
the formation of a depot with slow dissociation of monomeric insulin molecules [149].
Compared to regular insulin (Ins) there are no differences in respect of IR binding, IR
autophosphorylation and signalling in muscle cells [150]. The duration of action is up to 24 h
after single s.c. injection without showing pronounced peak serum levels, coming closer to
mimicking basal insulin secretion compared to NPH insulin [149, 151]. However, in some
patients twice-daily dosing is needed to achieve sufficient glycaemic control [152]. Better
glycaemic control with less frequent hypoglycaemia could be shown in large, multicentre
clinical trials compared to NPH insulin [121, 153-155]. Interestingly, up-concentration of

IGla from 100 U/ml to 300 U/ml extended the duration of action up to 32 h [156] and
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significantly reduced hypoglycaemic events [157], most likely due to increased hexamer

formation and a bigger depot resulting in a decreased surface with slower absorption.

Insulin detemir (Novo Nordisk)

[Det was first approved in 2004 and was the first insulin analogue with fatty acid-acylation.
The native AA structure is altered by deletion of ThrB30 and addition of a C14 myristic fatty
acid residue to LysB29 [158] (Fig. 4). The fatty acid residue leads to self-association as
dihexamers after injection and reversible binding to serum albumin at injection site. Thereby
delaying absorption and build-up of a floating depot in the circulation resulting in extended
serum half-life [159]. Interestingly, IDet seems not to interfere with other albumin-binding
drugs [160]. Furthermore, it could be shown that the delayed absorption leads to a flat
peak-to-trough ratio [161, 162]. It shows slightly shorter mean duration of action in TIDM
(21.5h) compared to IGla [161], but no difference between both in T2DM with residual
endogenous insulin secretion [163]. However, the PREDICTIVE trial showed that many
patients require twice-daily dosing [164]. It was shown that IDet exhibits less intrapatient
variability compared to NPH insulin and IGla [165], which is favourable since this leads to
more reliable results in HbAlc reduction and hyper- and hypoglycaemia. The safety and
efficacy of IDet was demonstrated in several large clinical studies [166, 167] with less
frequent hypoglycaemic events compared to NPH insulin for both TIDM and T2DM [168,
169]. In vitro receptor binding studies (IR/IGF-1R), metabolic and mitogenic potency are

lower with IDet compared to human insulin and IGla [136].

Insulin degludec (Novo Nordisk)

IDeg was first approved in 2012 in Japan, followed by approval in 2013 in the EU and 2015
in the US. The molecule is altered by deletion of ThrB30 and acetylation of a C16 fatty diacid
via a glutamic spacer (Fig. 4). These modifications enable formation of
high-molecular-weight fibrils, as well as albumin-binding. IDeg forms stable dihexameric
structures in the presence of zinc and phenol and upon diffusion of phenol it will form stable
multihexameric fibrils [170, 171] and subsequent, gradual diffusion of zinc at the terminal
hexamers leads to destabilisation and dissociation of dimers, which then dissociate to the
monomeric form [170]. IR affinity is around 5-fold lower compared to human insulin and
reduced mitogenic potential compared to Ins was observed [172]. In glucose clamp studies
with TIDM patients the duration of action was shown to be at least 42 h at steady-state-
conditions [173] and variation of glucose lowering effect was 4 times lower vs. IGla with

more even distribution over 24 h [174]. Safety and efficacy was shown in several trials for
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TIDM and T2DM patients, with a lower frequency of hypoglycaemic events compared to
IGla [175]. Thus IDeg is the first “real” once-daily insulin with the additional benefit of
flexible injection intervals in both, TIDM and T2DM [176, 177].

Basalinsulin PEGlispro (Eli Lilly)

For protracted absorption of BIL the rapid-acting insulin analogue lispro is covalently linked
with a 20-kDa polyethylene glycol (PEG) chain at LysB28 (Fig. 4), thus increasing the
hydrodynamic size. BIL shows reduced IR binding affinity, with slower association and faster
dissociation rate and decreased mitogenic potency compared to human insulin and AspB10,
respectively [178, 179]. The half-life in T2DM patients was shown to be 2-3 days and
furthermore BIL shows a flat PK profile [180]. Interestingly, BIL demonstrates relative
hepatopreferential action and thereby mimicking physiological secretion better than other
basal analogues [181], since the secretion of insulin into the portal vein leads to 2-3 fold
higher insulin concentrations in the liver compared to the periphery. Additionally, trials in
TIDM and T2DM patients showed lower nocturnal hypoglycaemic episodes in patients
receiving either BIL vs IGla, but more overall hypoglycaemia [182, 183].

1.3.3 Undesired Side-Effects of Insulin Modification

Besides the benefits of insulin modification, these modifications could result in unwanted or
even harmful side effects. Since IR and IGF-1R display more than 50 % sequence homology
and the ability to form IR/IGF-1R heterodimers [184], changes introduced into the AA
sequence of insulin could increase affinity for the mitogenic IGF-1R. Alterations in B10 and
B26-30 region for example could be shown to alter the affinity towards the IGF-1R [185].
The prime example for unwanted side-effects of insulin analogues is the analogue AspB10
insulin. However, potential unwanted side-effects are also shown in different studies for 1Gla,

IDeg and BIL.

AspB10 Insulin — The Super-Mitogenic Insulin

AspB10 insulin was the first analogue proposed for clinical use as rapid-acting insulin
analogue [186]. Studies demonstrated twice as fast absorption compared to RHI [187].
Increased affinity for IR and IGF-1R, decreased dissociation from IR and prolonged cellular
processing [188-190] were observed for this analogue which consequently leads to enhanced
metabolic effects. However, the mitogenic potency of AspB10 insulin is largely increased as
well [150]. In studies with a rat breast cancer model increased cancerogenicity was observed,

leading to discontinuation of the development for clinical use.
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Insulin glargine — Increased Mitogenic Potency?

Epidemiological studies have shown an association between the use of IGla and increased
cancer risk [191-193]; however, definite conclusion of a possible causal relationship could not
be drawn from these studies. Nonetheless, those observations seem to be underlined by
several in vitro studies, showing that the addition of arginine at position B31 and B32 enhance
binding affinity of insulin towards the IGF-1R. It could be shown that IGla exhibits increased
affinity for the IGF-1R and shows an increased mitogenic potency in vitro [136].
Furthermore, correlation of increased mitogenic potency and IGF-1R and/or IRS-1 level in
human fibroblasts and smooth muscle cells [194] and increased proliferation in the MCF-7
breast cancer cell line, with high IGF-1R level was demonstrated [195]. However, other
in vitro studies did not confirm these results. The varying results could be obtained due to

study design with different cell lines [196].

Further evidence against increased cancer risk by using IGla was the discovery of rapid
metabolisation of IGla to the so called insulin glargine metabolite 1 (IGlaM1) after injection.
In IGlaM1 both arginine residues at position B31 and B32 are cleaved off from the molecule
[197]. Subsequently, it was shown that IGlaM1 exhibits a mitogenic potency similar to that of
human insulin [198]. Additionally, the importance of IGF-1R signalling with 1Gla treatment
was challenged by in vivo experiments showing no difference between IGla and Ins [199] and
furthermore with a non-metabolisable 1Gla analogue no IGF-1R signalling was detectable in
vivo [200, 201]. Finally the long term trial ORIGINE and the follow up trial (ORIGINALE)
did not show a difference between treatment with IGla and incidence of cancer in humans

[202, 203]. Thus IGla seems to be safe to use in regard to cancerogenicity in humans.

Insulin degludec — Negative Cardiovascular Side Effects?

Due to tissue specific insulin signalling [204] it is possible for insulin analogues to exhibit a
differential effect compared to human insulin, even though they do not show different
receptor interactions (IR/IGF-1R). In 2013 the American Food and Drug Administration
(FDA) requested a dedicated cardiovascular outcome trial for IDeg (DEVOTE trial) [205]
since their re-analysis of data from several phase III clinical studies (non-dedicated
cardiovascular (CV) outcome studies) conducted with IDeg showed an increased CV risk and
increased major adverse cardiac events and unstable angina pectoris (MACE+). In this
analysis the FDA found consistent trends towards harm with IDeg treatment in MACE+.
Novo Nordisk subsequently conducted the DEVOTE trial and in 2015 the FDA conditionally
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approved IDeg since the interim-analysis of the DEVOTE trial showed non-inferiority to IGla

in respect to CV risk and thus ruling out potential harm for patients treated with IDeg.

Basalinsulin PEGlispro — Hepatopreferential Effect Harming the Liver?

The desired hepatopreferential effect of BIL seems to have a negative impact on different
liver markers. In the IMAGINE trials significantly increased triglycerides, aminotransferase
level and liver fat content were measured [182, 183, 206]. Even though the underlying
mechanism is not yet elucidated, these results were leading to the discontinuation of

development of BIL by Eli Lilly.

1.4 Future Developments of Insulin Analogues

Even though tremendous improvements in the last two decades in the treatment of diabetes
have been made, the need to improve and refine therapy options is still relevant. Various
approaches to improve PK/PD profiles and administration routes are currently under

investigation.

1.4.1 Ultra-Rapid Insulin Analogues

Current therapeutics show improved PK/PD profiles compared to traditional treatment
regiments. However, available rapid-acting insulin analogues do not fully mimic
physiological response to rise in glucose level (delayed time-to-peak, longer duration of
action) and ideally are needed to be injected a certain amount of time prior to the meal. The
development of ultra-rapid insulin analogues with faster time-to-peak profiles and a shorter

duration would be beneficial in terms of mimicking physiological insulin response.

Current approaches are mainly focused on refining application methods and vehicles instead
of developing novel analogues. Examples are the increase of blood flow by mild heating of
injection site, which showed more rapid absorption of insulin after s.c. injection [207].
Intradermal injection of insulin lispro with microneedles is another approach with an
alternative route of application [208]. The same is true for inhalation of Technosphere®
insulin, which is applied by the Technosphere® Insulin Inhalation System [209]. The
company Biodel is using novel excipients in the injection solution to increase monomeric
insulin in the injection solution [210, 211]. Novo Nordisk also uses two novel excipients in
the injection solution to increase stability of monomers and faster uptake (nicotinamide and
arginine) [212]. The BioChaperone technology is used to enhance insulin blood penetration

by increasing solubility and stabilising the insulin monomer [213].
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Interestingly, in 2015 an article was published by Safavi-Hemami et al [214] presenting
minimized insulin (Con-Ins G1) used as a venom component by Cone snails. Even though
Con-Ins G1 lacks essential AA for binding to the IR receptor it shows rapid induction of
hypoglycaemia in the Cone snails’ prey [214]. These findings could potentially lead to

development of ultra-rapid insulin analogues [215].

1.4.2 Ultra-Long Insulin Analogues

To achieve a more convenient therapy for the patients it would be preferable to have insulin
analogues with extended PK and very flat PD profiles. There are several approaches to

achieve extended duration of action in development at the moment.

PEO0139 insulin (PhaseBio) has recently completed clinical phase I (NCTC02148861) and
recruitment for a phase Ila clinical study is currently ongoing (NCT02581657). The human
insulin structure is modified by fusing the ELP1-120 biopolymer developed by PhaseBio to
the A-chain at position 21 [216]. PE0139 insulin shows potential for weekly administration

and low peak-to-trough ratio was confirmed in the phase I clinical trial [217].

AB101 insulin (AntriaBio) is currently in the preclinical phase. In AB101 insulin a small
PEG-residue is attached to human insulin, which is encapsulated in biodegradable poly-lactic,
poly-glycolic (PLGA) microspheres leading to long duration of action and low peak-to-trough
ratio [218].

The long acting insulin 287 (LAI287) (Novo Nordisk) completed two phase I clinical trials in
T1DM (NCT01730014) and in T2DM (NCT02148861) and healthy volunteers. However,
properties of LAI287 are undisclosed and no further data regarding the structure are published

by Novo Nordisk.

HM12470 (Hanmi Pharmaceuticals) is currently recruiting patients for phase I clinical study
(NCT02302443). For HM12470 the Long Acting Protein/Peptide Discovery Platform
Technology (LAPSCOVERY) is used to link a non-glycosylated Fc-fragment via a short
PEG-linker to the modified Insulin 115, resulting in a 56 kDa insulin molecule. Preclinical
studies have shown promising results with a long duration of action and favourable PK/PD

profiles [219, 220].
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1.4.3 Future Developments in Insulin Therapy

Besides the development of even faster and longer-acting insulin analogues, researchers are
investigating approaches to develop so called smart insulins which should be able to prevent

hyperglycaemia without risk of inducing hypoglycaemia.

Researcher from the Massachusetts Institute of Technology (MIT) demonstrated a technique
which mimics insulin response as seen in healthy individuals after glucose challenge.
Therefore, the researchers linked different phenylboronic acid (PBA) moieties via an
aliphatic, albumin binding linker to lysine at position B29 [221]. In this approach PBA is used
as a glucose sensor, enabling activation of the bound insulin after binding of glucose to PBA

[221].

Another interesting approach is the use of microneedle-array patches which are loaded with
hypoxia-sensitive vesicles [222]. These vesicles are filled with insulin and the glucose
oxidase (GOx) enzyme. GOx is thereby used as the glucose sensor, leading to oxidation of
glucose and thereby generating hypoxic conditions. Subsequently, hypoxia triggers
dissociation of the vesicles and thereby releasing the stored insulin. Experiments in a mouse

model of TIDM could show fast and safe release of insulin upon rising glucose levels [222].

1.5 Objectives

The tremendous progress of insulin therapy for treatment of diabetes and potential harmful
consequences of insulin modification draws attention of researchers to analyse the effects of

those modified insulins.

Potential harm of IDeg in regard of CV risk together with tissue specific action of insulin
sparked the interest of our workgroup to elucidate potential differences in the signalling and

function of IDeg compared to other insulins in different cardiac cell models.

Therefore, the first objective was to compare IDeg, Ins and IGla as well as its active
metabolite 1GlaM1 in regard to contractility parameters in adult rat ventricular myocytes
(ARVM), glucose uptake in HL-1 cells, effect on H,O, induced apoptosis in H9¢2-E2 cells
and beating-rate in human Cor.4U® cells. Furthermore, potential differences in crucial

signalling steps of the insulin signalling pathway were evaluated in ARVM and HL-1 cells.

The second objective of the thesis was the comprehensive and extensive evaluation of the

potential once-weekly ultra-long acting insulin analogue HM12470. Therefore, extensive
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in vitro and in vivo studies were conducted. The ability to induce crucial steps in insulin
signalling (e.g. autophosphorylation of the IR, subsequent dissociation, Akt activation,
glucose uptake) was assessed. Additionally, potential mitogenic effects were evaluated.
Furthermore, potential organ specificity in rats and endothelial passage in human coronary

artery endothelial cells were analysed.
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Abstract

Background: The effects of insulin on
cardiomyocytes, such as positive inotropic
action and glucose uptake are well
described. However, in vitro studies
comparing long-acting insulin analogues
with regard to cardiomyocyte signalling
and function have not been systematically
conducted.

Methods: Insulin receptor binding was
assessed using membrane embedded and
solubilised insulin receptor preparations.
Insulin signalling was analysed in adult rat
ventricular myocytes (ARVM) and HL-1
cardiac cells. Inotropic effects were
examined in ARVM and the contribution
of Akt to this effect was assessed by
specific  inhibition = with  triciribine.
Furthermore, beating-rate in Cor.4U®
human cardiomyocytes, glucose uptake in
HL-1 cells, and prevention from H,0O,
induced caspase 3/7 activation in cardiac
cells overexpressing the human insulin
receptor (H9c2-E2) were analysed. One-
way ANOVA was performed to determine
significance between conditions.

Results:  Insulin  degludec  showed
significant lower insulin receptor affinity
in membrane embedded insulin receptor
preparations. In HL-1 cardiomyocytes,
stimulation with insulin degludec resulted
in a lower Akt(Ser'”) and Akt(Thr’™)
phosphorylation compared to insulin,
insulin glargine and its active metabolite
M1 after 5- and 10-min incubation. After
60-min treatment, phosphorylation of Akt
was comparable for all insulin analogues.
Stimulation of glucose uptake in HL-1
cells was increased by 40-60 %, with a
similar result for all analogues. Incubation
of electrically paced ARVM resulted for
all insulins in a significantly increased
sarcomere shortening, contractility- and
relaxation velocity. This positive inotropic
effect of all insulins was Akt dependent.
Additionally, in Cor.4U" cardiomyocytes a
10-20%  increased  beating-rate  was
detected for all insulins, with slower onset
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of action in cells treated with insulin
degludec. H9c2-E2 cells challenged with
H,0, showed a 5-fold increase in caspase
3/7 activation, which could be abrogated
by all insulins used.

Conclusions: In conclusion, we compared
for the first time the signalling and
functional impact of the long-acting insulin
analogues insulin glargine and insulin
degludec in cardiomyocyte cell models.
We demonstrated similar efficacy under
steady-state conditions relative to regular
insulin in functional endpoint experiments.
However, it remains to be shown how
these results translate to the in vivo
situation

Introduction

In addition to skeletal muscle, liver and
adipose tissue, the heart with 10,000 —
100,000 expressed insulin receptors per
cardiomyocyte [1] must be considered as
an additional major organ affected by
insulin (Ins). In cardiomyocytes, Ins
modulates glucose transport, metabolism,
protein synthesis, hypertrophy,
contractility, beating-rate, and apoptosis
[1-3].

Long-acting insulin analogues are designed
to deliver a constant basal insulin supply
throughout the day via the subcutaneous
route resulting in improved fasting blood
glucose and overall glycaemic control
while reducing the risk of hypoglycaemia
[4-6]. Insulin glargine (IGla) has one
amino acid exchange in the A-chain and
two additional arginine residues at the B-
chain, resulting in an altered isoelectric
point that leads to local precipitation after
subcutaneous injection [7, 8]. From this
depot, IGla is slowly dissolved followed by
immediate Dbiotransformation into the
active metabolite M1 (IGlaM1) [9, 10]. For
insulin degludec (IDeg) it has been
proposed that its protracted action results
from slow dissolution of subcutaneous
multi-hexamer assemblies [11]. However
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the structure of the side chain attached to
this molecule (n-16 fatty acid) [11]
suggests that the protraction mode may be
similar to that of insulin detemir, which
binds to human serum albumin (HSA) via
its fatty acid side chain, thereby protracting
its duration of action by providing a
‘floating depot’ with the consequence of a
reduced biological availability [12-14].

Besides the benefits of insulin analogue
modification, modifying the insulin
molecule may lead to an altered activation
profile such as receptor signalling or
pharmacodynamics and pharmacokinetics.
Recently the effects of insulin analogues
on the cardiovascular system gained
considerable interest. So far, finalised
clinical data is only available for IGla,
whereas for IDeg the investigation is still
ongoing. Results from the Outcome
Reduction ~ With  Initial Glargine
Intervention (ORIGIN) trial proved non-
inferiority of IGla compared to standard
care treatment in regard to cardiovascular
effects (Trial Number NCTO00069784)
[15]. Just recently the interim analysis of
the dedicated cardiovascular outcome trial
for IDeg (DEVOTE) (Trial Number
NCT01959529), requested in 2013 by the
American Food and Drug Administration
(FDA) [16] suggested non-inferiority to
IGla, leading to approval of IDeg for the

US market with a post marketing
commitment to provide further non-
inferiority data in major adverse

cardiovascular events. [17]. These clinical
trials were designed to compare systemic
metabolic effects of the analogues in
patients. However, strong evidence for
tissue-specific action of insulin exists [18]
and to the best of our knowledge, there are
no in vitro studies published which
elucidate and compare the effect of
different long-acting insulin analogues on
cardiomyocyte cell models. Thus, data
regarding the signalling and function of
insulin analogues in cardiomyocyte cell
models might shed light on potential
differences of these drugs in relation to
their cardiac action. Therefore, we
compared the impact of 1Gla, IGlaM1, and
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IDeg to Ins in regard to signalling,
contractility and anti-apoptotic potency in
HL 1 cardiomyocytes, ARVM, H9c2-E2,
and Cor.4U" cells. Our data show a very
similar cardiomyocyte action profile for
both IGla and IDeg, at least under steady-
state conditions.

Material & Methods

Cell culture

The cardiac mouse cell line HL-1, a cell
line derived from the AT-1 mouse atrial
cardiomyocyte tumour lineage [19], was
kindly provided by Dr. W.C. Claycomb
(Louisiana State University, New Orleans,
LA, USA). HL-1 cells were cultivated in
Claycomb medium containing 10 % fetal
calf serum (FCS), 100 uM norepinephrine
and 4 mM L-glutamine (all from Sigma-

Aldrich, Munich, Germany) on
gelatine/fibronectin coated plates. H9c2
cells (ATCC CRL-1446), stably

transfected with the human insulin receptor
in our laboratory [20] (H9c2-E2) were
cultivated in DMEM, low glucose
containing 10 % FCS, 1% non-essential
amino acids and 600 pg/ml G418 (all from

Invitrogen, Carlsbad, CA, USA).
Commercially  available  iPS-derived
human cardiomyocytes (Cor.4U")

(Axiogenesis, Cologne, Germany) were
cultured in Cor.4U® Complete Medium
containing 10 % FCS on fibronectin coated
96-well E-Plate (Acea Biosciences, San
Diego, CA, USA). The medium was
changed twice daily. All cells were
incubated at 37 °C with 5 % CO2 in a
humidified incubator.

Competition binding experiments on
membrane embedded and solubilised
insulin receptor preparations

Isolation of insulin receptor (IR) embedded
plasma membranes (M-IR) and
competition binding experiments were
performed as previously described [21].
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Briefly, CHO-cells overexpressing the IR
were collected and re-suspended in ice-
cold 2.25 STM buffer (2.25 M sucrose, 5
mM Tris HCI pH 7.4, 5 mM MgCl,,
Complete Protease Inhibitor) and disrupted
using a Dounce homogenizer followed by
sonication. The homogenate was overlaid
with 0.8 STM buffer (0.8 M sucrose, 5 mM
Tris HCI pH 7.4, 5 mM MgCl,, Complete
Protease Inhibitor) and ultra-centrifuged
for 90 minutes at 100,000 g. Plasma
membranes at the interface were collected
and washed twice with phosphate buffered
saline (PBS). The final pellet was re-
suspended in dilution buffer (50 mM Tric-
HCI pH 7.4, 5 mM MgCl,, Complete
Protease Inhibitor) and again homogenised
with a Dounce homogenizer. Competition
binding experiments were performed in a
binding buffer (50 mM Tris-HCl, 150 mM
NaCl, 0.1% BSA, Complete Protease
Inhibitor, adjusted to pH 7.8) in 96-well
microplates. In each well 2 pg isolated
membrane were incubated with 0.25 mg
wheat germ agglutinin polyvinyltoluene
polyethylenimine scintillation proximity
assay (SPA) beads. Constant
concentrations of ['*I]-labelled human
insulin (100 pM) and  various
concentrations of respective unlabelled
insulin (0.001 — 1000 nM) were added for
12 hours at room temperature (23 °C). The
radioactivity was measured at equilibrium
in a microplate scintillation counter
(Wallac Microbeta, Freiburg, Germany).

Binding on a freshly solubilised IR
preparation (S-IR) was performed as
previously described [22] with some
modifications. Aliquots of membranes
were incubated at 4 °C for 30 min in a
solubilisation buffer (20mM HEPES-
NaOH, 100mM NaCl, 10mM MgSO., 1%
(w/v) n-Dodecyl-8-D-maltoside (Sigma-
Aldrich, Munich, Germany), adjusted to
pH 7.8 and Complete TM Protease
Inhibitor  cocktail). Thereafter, ultra-
centrifugation was performed at 100,000 g
for 30 mins and 4°C to remove non
solubilised debris. Protein concentration in
the supernatant was adjusted to 0.15 mg/ml
with binding buffer (100mM HEPES-
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NaOH, 100mM NaCl, 10mM MgSOs,
0.025% (v/v) Tween-20, adjusted to pH 7.8
and Complete TM Protease Inhibitor
cocktail). To Streptavidin SPA beads (5
mg in 1000 ml binding buffer), 50 ul of an
anti-IR  alpha-antibody 83-7 (Abcam,
Cambridge, UK) was added. After
incubation for 30 min, SPA beads were
once washed and finally re-suspended in
500 pl binding buffer. A solution of
solubilised receptor (1 ml, 0.15mg/ml) was
added and incubated for further 60 min,
before washing and resuspension in 1.5 ml.
Subsequently, 100 ul re-suspended IR-
Antibody-SPA beads (containing 10 ug
total protein) were mixed with 50 pl ['%1]-
labelled insulin tracer (100 pM) and 50 ul
non-radioactive insulin (0.001 — 1000 nM),
incubated for 12 hours at room temperature
(23 °C) under shaking, centrifuged for 2
min and measured in the scintillation
counter (Wallac Microbeta, Freiburg,
Germany).

Effect of insulin and insulin analogues
on contractility of primary adult rat
ventricular cardiomyocytes

Adult rat ventricular cardiomyocytes
(ARVM) were isolated from wild-type
Lewis rats (Lew/Crl) as previously
described [23]. ARVM were cultivated
three hours in Medium 199 with Hanks’
Balanced Salts containing 5 mM Creatin, 2
mM Carnitine and 5 mM Taurine
supplemented with 10 % FCS and 1 %
Insulin/Transferrin/Selene  on  laminin
coated dishes (ibidi GmbH, Martinsried,
Germany). Subsequently, ARVM were
cultivated over-night in DMEM/FI12
containing 33 pM biotin and 17 puM
pantothenate (Invitrogen, Carlsbad, CA,
USA). Prior to measurement, ARVM were
pre-incubated for 5 min with 100 nM of
Ins (porcine insulin, Cat. No.: 15523,
Sigma-Aldrich, Munich, Germany), 1Gla,
IGlaM1 or IDeg (provided by Sanofi-
Aventis, Frankfurt a.M., Germany) in
modified Tyrodes solution: 125 mM NaCl;
1.2 mM KH,POy4; 2.6 mM KCI; 1.2 mM
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MgSO4*7H,0; 1 mM CaCl,*2H,0; 10
mM Glucose; 10 mM HEPES; adjusted to
pH = 7.4 prior to measurement.
Furthermore, untreated ARVM or ARVM
treated with 10 nM isoproterenol (Sigma-
Aldrich, = Munich, Germany) were
immediately measured. ARVM were paced
with bipolar pulses in a contractility and
fluorescence system (IonOptix, Milton,
MA, USA) at 15V, 1 Hz, 0.5 ms, at 37 °C
for up to 10 minutes and 10-14
contractions of at least 10 rod shaped
ARVM per condition were recorded.
Sarcomeric shortening, shortening rate and
re-lengthening rate were calculated using
the TonWizard software (IonOptix, Milton,
MA, USA). To determine the role of Akt
for the positive inotropic effect of insulin
and the analogues, ARVM were pre-
treated with 10 uM of the specific Akt
inhibitor triciribine (Sigma-Aldrich,
Munich, Germany) for 30 min in
contraction buffer. Afterwards, ARVM
were treated as described above. After 30
minute treatment with 10 puM triciribine,
ARVM viability was assessed by
incubating the cells with 0.1 % trypan blue
in PBS for 5 minutes. Microscopic pictures
were taken randomly with at least 10
pictures per condition. As a positive
control 200 uM H,0O, was utilised. For
each condition at least 400 cells were
counted per experiment.

Immunoblotting

ARVM and HL-1 cells were treated as
indicated and lysed in buffer containing 50
mM HEPES (pH 7.4) (PromoCell,
Heidelberg, Germany), 1% Triton X-100
(Sigma-Aldrich, = Munich,  Germany),
PhosSTOP and CompleteTM Protease
Inhibitor cocktail (Roche, Basel,
Switzerland). After incubation for 2 h at 4
°C, the suspension was centrifuged at
10,000 g for 15 min. 5 pg protein sample
of the total cell lysate was separated by
SDS/PAGE (10% gel) and transferred to a
polyvinylidene fluoride (PVDF)
membrane. Membranes were blocked in

27

tris-buffered saline (TBS) containing 0.1%
Tween 20 and 5% (w/v) non-fat dried
skimmed milk powder and incubated
overnight with anti-phospho Akt(Ser*”)
antibody, anti-phospho Akt(Thr'®), anti-
GAPDH antibody (all Cell Signalling
Technology, Danvers, MA, USA) or anti-
tubulin antibody (Abcam, Cambridge,
UK). After washing, membranes were
incubated with appropriate horseradish
peroxidase-coupled secondary antibody
and processed for enhanced
chemiluminescence (ECL) detection using
Immobilion horse radish peroxidase (HRP)
substrate (Millipore, Darmstadt, Germany).
Signals were visualised and evaluated on a
VersaDoc 4000 MP Bio-Rad Laboratories
work station and analysed by Quantity One
analysis software (version 4.6.7) (both Bio-
Rad Laboratories, Hercules, CA, USA).

Impedance measurement in human

Cor.4U® cells

Cor.4U® cardiomyocytes were seeded at a
density of 30,000 cells per well. From day
3 on the cells were cultured in Iscove’s
Basal Medium containing 1 % GlutaMAX
supplement (both Life Technologies,
Carlsbad, CA, USA) and 2 pg/ml Ciprobay
(Bayer, Leverkusen, Germany). Treatment
with 500 nM of the designated insulin or
analogue or 100 nM isoproterenol was
started at day 4 after seeding. Impedance
of each well was measured with the RTCA
Cardio xCELLigence Analyser [24] (Acea
Biosciences, San Diego, CA, USA) during
the whole experiment. Beating-rate and
Cell index were analysed by RTCA Cardio
Software (Acea Biosciences, San Diego,
CA, USA).

Glucose uptake in HL-1 cardiomyocytes

HL-1 cells were seeded at a density of
400,000 cells per well in a 12-well plate.
Glucose uptake was measured in serum-
starved HL-1 cells, either kept untreated or
exposed for 60 min to 200 nM insulin and
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the analogues, respectively. Subsequently
0.12 mM deoxy D glucose (Sigma-Aldrich,
Munich, Germany) with 0.055 mCi 2-
deoxy-D-["*C]glucose (PerkinElmer,
Waltham, MA, USA) was added to the
cells. After 10 min incubation the uptake
was terminated by repeated washing with
ice cold PBS. Afterwards, the
cardiomyocytes were lysed with lysis
buffer containing 1% SDS and 200 mM
NaOH. Incorporated glucose was measured
by scintillation counting of the cell lysates
in a liquid scintillation counter (Beckman
Coulter, Pasadena, CA, USA). Values were
corrected for non-specific uptake as
measured by incubation with L-
[14C] glucose (PerkinElmer, Waltham, MA,
USA).

Caspase 3 activity Assay

To assess the anti-apoptotic effect of
insulin and its analogues, H9c2-E2 cells
were seeded in a density of 5,000 cells per
well of a 96-well plate. The next morning
cells were treated with 100 nM of the
respective insulin either in the presence or
absence of 800 uM of H,O, for 2 h.
Caspase 3/7 activity was then measured by
the Caspase-Glo® 3/7 Assay System
(Promega, Madison, Wisconsin, USA) as
described in the manual. After 2 h
incubation period caspase 3/7 activity was
analysed by measuring the luminescence in
an Infinite 200 plate reader (Tecan,
Mainnedorf, Switzerland).

Statistical analysis

Results are expressed as mean values +

SEM of at least three independent
experiments. For statistical analysis
Graphpad  Prism  v5.00  (Graphpad

Software, San Diego, CA, USA) was used.
One-way ANOVA was performed to
determine significance between conditions,
with level of significance chosen at
p<0.05. In case of ICsy determinations for
binding, a non-parametric Kruskal-Wallis
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testing was performed, again with level of
significance chosen at p<0.05.

Results

Insulin degludec shows lower binding
affinity and slower onset of insulin
signalling

First we compared the binding affinities of
Ins, IGlaM1 and IDeg with a competitive
binding assay using M-IR (Fig. 1A) and S-
IR (Suppl. Fig. 1). The analysis revealed
an ICsq value of 0.83 £+ 0.07 nmol/L for Ins
in M-IR binding assays (Table 1). The ICs
of IGlaM1 and IDeg were 1.8- and 23.6-
fold higher compared to Ins, reflecting a
substantial lower binding affinity for IDeg.
However, in S-IR binding assays we
observed higher binding affinities for all
tested insulins. The ICsy value for Ins was
0.58 + 0.10 nmol/L (Suppl. Table 1).
Under these conditions binding of IDeg
improved with a 5.4-fold higher ICs
compared to Ins. Next, to compare the
activation of the insulin signalling cascade
by Ins, IGla, IGlaM1 and IDeg, we
assessed the Ser*”? phosphorylation of Akt
by Western blot analysis in HL-1
cardiomyocytes (Fig. 1B-D). The time-
course revealed a significantly lower
Akt(Ser473) phosphorylation level after 5
min and 10 min treatment with IDeg,
compared to Ins and the other insulin
analogues at 200 nM. After 60 min
treatment I[Deg showed a similar
Akt(Ser*”) phosphorylation level
compared to Ins and 1GlaM1; however, it
was still significantly lower compared to
IGla (Fig. 1D). The same kinetic was
observed for the phosphorylation of
Akt(Thr’™) (Suppl. Fig. 2).

Positive inotropic effect of insulin and
long-acting insulin analogues

To confirm a full activation of Akt in
ARVM under experimental conditions, we
first analysed the Akt(Ser'””) and
Akt(Thr’®) activation after 10 minutes
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incubation with insulin and the different
analogues. We observed a comparable Akt
response under all conditions (Fig. 2A and
Suppl. Fig. 3). Next, we compared the
positive inotropic effect of the different
insulin analogues to Ins in freshly isolated
ARVM. ARVM pre-treated with 100 nM
Ins, IGla, IGlaM1 and IDeg for 5 min,
respectively showed a significant increase
in sarcomeric shortening (~2.5-fold),
which describes the total sarcomeric
shortening per sarcomere in pm (Fig. 2B).
Departure- (~2-fold) (Fig. 2C) and return
velocity (~3-fold) (Fig. 2D), which
describes the shortening rate and re-
lengthening rate of single sarcomeres in
um/s, are significantly increased compared
to the control situation (Fig. 2). As can be
seen from the data, an equipotent positive
inotropic effect was observed for all
analogues.

The positive inotropic effect of insulin
and long-acting insulin analogues is Akt
dependent

To assess the role of Akt in the insulin-
induced inotropic effect, we treated
ARVM with the specific Akt-inhibitor
triciribine. Triciribine in a concentration of
10 uM did not affect cell viability as
determined by trypan blue staining (Suppl.
Fig. 4). After 30 min pre-incubation with
triciribine insulin signalling (Fig. 3A and
Suppl. Fig. 3) was completely abolished
with all tested insulins. In line with the
signalling data, the positive inotropic effect
of insulin and the different insulin
analogues was completely abolished at the
level of all cardiac contraction parameters,
such as sarcomeric shortening (Fig. 3B),
departure velocity (Fig. 3C) and return
velocity (Fig 3D).

Both insulin glargine and insulin
degludec increase the beating rate of
human cardiomyocytes

To investigate long-term effects of insulin
and its analogues on the beating rate of
human  iPSC-derived cardiomyocytes
(Cor.4U™) we used an impedance-based
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measurement approach. To determine
baseline values, beating rate prior to
substance application was analysed. In all
measured conditions the mean beating-rate
was around 30 beats per minute (bpm)
(Fig. 4A). Since we did not observe any
effects with 100 nM of the respective
insulins, we used 500 nM for the treatment
of the Cor.4U® cells. After substance
application Ins, IGla and IGlaM1 reach
their maximum beating-rate after 10 min,
whereas [IDeg reaches its maximum with a
delay after 20 min (Fig4B) and
subsequently, the increased beating-rate
remained stable for up to 6 hours (Fig. 4C).
For better comparison of the increased
beating-rate in each condition we
calculated the area under the curve for the
whole  measurement (Fig. 4D). The
analysis revealed a significant increase in
the beating-rate for Ins, IGla, IGlaM1 and
[Deg.

Both insulin glargine and insulin
degludec increase glucose-uptake to the
same extent as regular insulin

Since glucose metabolism is important for
cardiomyocyte function, we compared the
potency of Ins, IGla, IGlaM1 and IDeg to
stimulate glucose uptake in HL 1 cells.
Glucose uptake was significantly increased
after 200 nM of IGla, IGlaM1 and IDeg
treatment (between 1.46- and 1.58-fold)
and no difference between the insulins has
been detected (Fig. 5).

Anti-apoptotic efficiency of insulin
glargine and insulin degludec is
comparable to regular insulin

Next we evaluated the anti-apoptotic
potency of the long-acting insulin
analogues in the rat cardiomyocyte cell
line H9c2 overexpressing the human
insulin receptor (H9c2-E2). For this
purpose, we treated the cells with a
combination of either insulin or the
different analogues in the presence of
H,0,, and subsequently measured caspase
3/7 activation. After exposure to H,O, we
found a significant induction of caspase
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3/7 activity in H9c2-E2 cell (4.8-fold)
(Fig. 6). However, the combination of Ins
and H202 decreased caspase 3/7 activity
up to 70.3 % compared to H,O, treatment
alone, and was not significant anymore. A
similar effect was observed for all tested
insulin analogues.

Discussion

Treatment of diabetic patients with insulin
analogues has been shown to provide a
more  efficient,  reproducible, and
convenient therapy than regular insulin.
The analogues may vary from insulin with
respect to metabolic potency, stability or
onset, and duration of action that is
achieved by either sequence or secondary
structural modifications. These changes
may lead to an altered functional profile,
emphasizing the importance of examining
all steps in the action of an insulin
analogue in vitro and in vivo. Regarding
the effects of insulin analogues in
cardiomyocyte cell models no published
data is available. Therefore, we compared
the long acting insulin analogues 1Gla and
IDeg in cardiac cell models. Using this in
vitro setting, we could show the absence of
any difference in functional cardiac
endpoint measurements and insulin
signalling between the long-acting insulin
analogues insulin glargine and degludec
under steady state conditions.

Since Akt is a major element of the insulin
signalling pathway, we first analysed the
activation of Akt in ARVM and HL-1 cells
after treatment with the different insulin
analogues. Although our results show a
slower onset of Akt activation in HL-1
cells treated with IDeg for 5- and 10
minutes compared to the other insulins
(Fig. 1B & C), we did not observe a
difference in Akt activation in HL-1 cells
treated for 60 minutes and acutely treated
ARVM (Fig. 1D & Fig. 2A). We speculate
that a possible explanation for the slower
onset of Akt phosphorylation in HL-1 cells
might be the low binding affinity of IDeg
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towards the insulin receptor. In receptor
binding studies using S-IR of both
isoforms, the binding affinity for IDeg was
found to be 13-15 % relative to human
insulin [25]. The results from our indirect
binding assays with the S-IR show a
similar binding affinity of IDeg with ~18.6
% relative to human insulin. However, it
should be noted that S-IR displays a less
complex construct compared to M-IR. In
these preparations the IR is surrounded by
lipids and protein complexes. In M-IR
preparations IDeg showed a binding
affinity of ~4 % compared to Ins and ~13
% compared to IGlaMl1. It could be
possible that the fatty acid residue attached
to IDeg interacts with other components of
the membrane, and therefore leading to a
reduced binding affinity towards the IR.
The very low binding affinity of IDeg in
M-IR (Fig. 1A) could be an explanation for
the slower onset of action observed in HL-
1 and Cor.4U" cells. The results obtained
in M IR preparations with Ins and 1GlaM 1
and IDeg in S-IR are comparable to
previously published data [21, 25].

Insulin-mediated Akt activation in the
myocardium  triggers a variety of
processes, like glucose uptake,
modification of calcium signalling and
anti-apoptotic effects [26]. Even though
under physiological conditions the main
energy source for the heart is fatty acids,
about one third is derived from glucose
[27] and with increasing blood glucose and
insulin level, glucose becomes the
favoured substrate in the heart [2].
Therefore, we next analysed the ability of
IGla and IDeg to stimulate glucose uptake
under steady-state conditions in HL-1
cells, since we observed a full Akt
activation with IDeg after 60 minutes.
Under these conditions we observed no
difference between IGla and IDeg in the
insulin  stimulated  glucose  uptake
compared to Ins. We therefore conclude
that IGla and IDeg are equipotent in
regulating cardiac glucose consumption, at
least under steady-state conditions.
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Another important aspect of insulin
function in cardiomyocytes is the positive
inotropic  effect which was already
described in the 1920s by Visscher and
Miiller [28] and is due to an increased
excitation-contraction coupling, which in
turn is controlled by entry and release of
Ca®* from the sacroplasmatic reticulum
(SR). Using insulin and the insulin
analogues we observed a similar positive
inotropic effect, as shown by comparable
increased sarcomeric shortening,
departure- and return-velocity in ARVM.
Furthermore, we could show that the
positive inotropic effect in ARVM is
completely Akt dependent. The Akt
dependency of cardiomyocyte contraction
was shown previously by Graves et al. in
HL-1 cells, where inhibition of Akt
activation leads to decreased total [Ca®';,
intracellular Ca>" transients and membrane
Ica [29]. Furthermore, Reinartz et al. [30]
recently showed that Aktl and Akt2
knockdown affected phosphorylation of
proteins involved in regulation of heart
contraction as well as relaxation and
regulation of heart rate. Additionally,
proteins involved in Ca®" release and re-
entry into the SR are affected (e.g. CaMKII
or phospholamban, a direct target of Akt)
[30, 31], which could be a possible
explanation for the complete abrogation of
the positive inotropic effect after Akt-
inhibition. Insulin increases the beating
rate of cardiac muscle, but the underlying
mechanism is controversially discussed in
the literature. While some groups found
evidence for insulin to directly increase the
beating-rate in vivo [32, 33], others
claimed that insulin acts on the nervous
system and thereby leads to beta-
adrenergic stimulation of the heart [34,
35]. In our in vitro experiments with
Cor.4U™ cells we observed a slight but
significant increase in beating-rate of
Cor.4U"™ cardiomyocytes for up to 6 hours.

As observed in HL-1 signalling, we
measured a slower onset of action with
IDeg. However, under steady state

conditions no differences between the
different analogues could be detected.
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Together with the results from the ARVM
contraction experiments we conclude that
the increase in beating rate of
cardiomyocytes is at least partly
independent of nervous system activity and
directly affected by insulin itself.

Furthermore, insulin is known to reduce
the damage of ischemia/reperfusion injury
(IRI) in vivo as well as in vitro [36-39].
This damage is induced by massive
production of reactive oxygen species
(ROS) [40]. While diabetes per se is a risk
factor for ischemic heart disease, the
damage inflicted by IRI is even worse in
diabetic patients [41]. Therefore, we aimed
to mimic IRI in H9¢2-E2 cardiomyocytes
by challenging the cells with H,O, with
subsequent measurement of caspase 3/7
activity. To elucidate the potency of 1Gla
and IDeg in prevention of caspase 3/7
activation during ROS treatment, we
treated part of the cells with a combination
of H,O, and the respective insulin. With
our results we were able to reproduce the
protective effect of Ins during IRI and
furthermore we were able to show that
both, IGla and IDeg, have the same
potency to prevent caspase 3/7 activation
as Ins .

Conclusion

In conclusion, the long-acting insulin
analogues IGla and IDeg show no major
differences in several cardiomyocyte in
vitro models regarding insulin signalling,
contractility parameters, beating rate,
glucose uptake, and protection from
oxidative stress induced caspase 3/7
activation under steady-state conditions.
However, for IDeg we observed a slower
onset of action in Akt phosphorylation in
HL-1 cells as well as slower response to
IDeg in human Cor.4U® cardiomyocytes.

Additionally, we observed very low
binding affinities of IDeg in M-IR
preparations. Whether these effects

translate to the complex in vivo situation
needs further evaluation.
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Table 1: Summary of competition binding assay using M-IR

Insulin IR affinity p-value vs. Ins
ICs¢ (nmol/L)
Ins 0.83 £0.07 -
IGlaM1 2.15+0.61 0.2350
IDeg 19.59+1.10 <0.0001

Data represent means + SEM. All insulins were tested in at least four independent
experiments on different days. Binding values within a single experiment were obtained in
quadruplicates per insulin and averaged for each experiment. Regular insulin (Ins), active
metabolite of glargine (IGlaM1), insulin degludec (IDeg)
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Figure 1: Binding affinity and Akt signalling of long-acting insulin analogues. (A)
Membrane embedded insulin receptor preparations were used to analyse binding of Ins,
IGlaM1 and IDeg in a competition binding assay, as described in [21]. Percentage of binding
is normalised to maximum binding of ['*’I]-labelled human insulin. Data represent mean
values =+ SEM, n = 4-5. (B-D) HL-1 cells were used to assess the onset of insulin action by
treatment with 200 nM for 5 (B); 10 (C) or 60 min (D) with insulin or insulin analogues.
Phosphorylation of Akt(Ser*’?) was assessed by Western blot analysis. Data are normalised to
tubulin levels. Representative blots are shown. Data represent mean values £ SEM, n =4 5,
*p<0.05 vs. basal, #p<0.05 vs. IDeg. Regular insulin (Ins), insulin glargine (IGla), active
metabolite of insulin glargine (IGlaM1), insulin degludec (IDeg).

34



Cardiovasc. Diabetol (2016) 15:96

10 min

pAKt(Ser473) | — — — —
GAPDH .1- — — — —

0.25+4

- Y]
n o
i J
*
Sarcomeric shortening
[bm]

pAkt (Serd73)
(fold over ins)
2

basal Ins IGla IGlaM1 IDeg basal iso Ins IGla 1GlaM1 IDeg

C D = .
4
o 3
= o L
8 £ 157
[ L —
> 7]
o E 2 E * * * *
g3 £3 10
G 2
& 2
© 05
-5 T T T T T T D-u' N
basal iso Ins IGla I1GlaM1 IDeg basal iso Ins IGla IGlaM1 IDeg

Figure 2: Effect of insulin and insulin analogues on Akt signalling and cardiac
contraction in ARVM. Adult rat ventricular cardiomyocytes (ARVM) were treated for 10
min with 100 nM insulin or insulin analogues to investigate the insulin signalling pathway in
these cells (A). ARVM were isolated by enzymatic digestion, starved overnight and treated
with 100 nM insulin or insulin analogues or 10 nM isoproterenol as positive control. ARVM
were paced at 1 Hz, 15 V, 0.5 ms with the IonOptix Myopacer Cell Stimulator System to
assess the sarcomeric shortening (B), departure velocity (C) and return velocity (D). In each
condition at least 10 contractions of 10-14 cardiomyocytes were measured under steady-state
conditions. Data represent mean values = SEM, n=4, *p<0.05 vs. basal. Regular insulin (Ins),
isoproterenol (iso), insulin glargine (IGla), active metabolite of insulin glargine (IGlaM1),
insulin degludec (IDeg).
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Figure 3: Impact of Akt inhibition on insulin-induced cardiac contraction. Adult rat
ventricular cardiomyocytes (ARVM) were analysed either without pre-treatment (blank bars)
or pre-treated with 10 uM of the specific Akt-inhibitor triciribine (filled bars) for 30 min.
Subsequently, ARVM were treated with either 100 nM insulin or insulin analogues for 10
minutes to investigate the insulin signalling pathway after triciribine treatment (A).
Furthermore, ARVM were treated with 100 nM of insulin or insulin analogues or 10 nM
isoproterenol and paced at 1 Hz, 15 V, 0.5 ms with the IonOptix Myopacer Cell Stimulator
System to assess the sarcomeric shortening (B), departure velocity (C) and return velocity
(D). In each condition at least 10 contractions of 10-14 cardiomyocytes were measured. Data
represent mean values = SEM, n=3-5, *p<0.05 vs. basal (treated). Regular insulin (Ins),
isoproterenol (iso), active metabolite of insulin glargine (IGlaM 1), insulin degludec (IDeg).
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Figure 4: Effect of insulin glargine and insulin degludec on the beating-rate of human
iPSC-derived cardiomyocytes. = Commercially  available  human  iPSC-derived
cardiomyocytes (Cor.4U™) were used to assess the long-term effect of insulins on the beating-
rate (A-D). Experiments were performed at day 4 after seeding. Cells were treated with
500 nM of insulin or insulin analogues or 100 nM isoproterenol, respectively. The beating-
rate was measured for 6 hours. (A) Basal beating-rate prior to substance application. (B)
Beating-rate of the first 30 minutes after substance application. (C) 0.5 - 6 hours time course
of beating-rate in Cor.4U" cells after substance application. (D) Area under the curve for the
6 hours beating-rate measurement. Data represent mean values =+ SEM, n=4, *p<0.05 vs.
basal. Regular insulin (Ins), isoproterenol (iso), insulin glargine (IGla), active metabolite of
insulin glargine (IGlaM1), insulin degludec (IDeg).
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Figure 5: 2-deoxy-D-glucose uptake in HL-1 cells after insulin stimulation with regular
insulin and long-acting insulin analogues. HL-1 cells were used to assess the effect of
insulin, insulin glargine, the active metabolite M1 and insulin degludec on 2-deoxy-D-glucose
uptake. The cells were pre-treated with 200 nM of the indicated insulin for 1 hour.
Subsequently, the cells were exposed to radioactive labelled mix containing
2-deoxy-D-glucose and 2-deoxy-D-[1-"*C]glucose for 10 min at 37 °C. Data represent mean
values £ SEM, n=4, *p<0.05 vs. basal. Regular insulin (Ins), insulin glargine (IGla), active
metabolite of insulin glargine (IGlaM1), insulin degludec (IDeg).
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Figure 6: Anti-apoptotic potency of long-acting insulin analogues in the presence of
H,0,. H9¢2 cardiomyocytes overexpressing the human insulin receptor (H9¢2-E2 cells) were
treated for 4 hours with 100 nM of insulin and insulin analogues in the presence or absence of
800 uM H,0, to evaluate the cardio protective effects of insulin and its analogues. Caspase
3/7 activity was measured using the Promega Caspase 3/7 Glo Assay. Each condition was
performed in quadruplicates. Data represent mean values + SEM, n=5-6, *p<0.05 vs. basal.
Regular insulin (Ins), insulin glargine (IGla), active metabolite of insulin glargine (IGlaM1),
insulin degludec (IDeg).
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Supplementary Table 1: Summary of competition binding assay using S-IR

Insulin IR affinity p-value vs. Ins
ICs¢ (nmol/L)
Ins 0.58+0.10 -
IGlaM 1 2.09+0.74 0.10
IDeg 3.12+0.42 <0.01

Data represent means + SEM. All insulins were used at least six times on different days. ICs
were obtained in quadruplicates per insulin and averaged for each experiment. Regular insulin
(Ins), active metabolite of glargine (IGlaM1), insulin degludec (IDeg)
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Supplementary Figure 1: Competition binding assay using solubilised insulin receptor.
Solubilised insulin receptor preparations were used to analyse binding of Ins, IGlaM1 and

[Deg in a competition binding assay. Percentage of binding is normalised to maximum
binding of ['*’I]-labelled human insulin. Data represent mean values + SEM, n = 6-7.
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Supplementary Figure 2: Phosphorylation of Akt(Thr**®) in HL-1 cells. (A-C) HL-1 cells
were used to assess the onset of insulin action by treatment with 200 nM for 5 (A); 10 (B) or
60 min (C) with insulin or insulin analogues. Phosphorylation of Akt(Thr’**) was assessed by
Western blot analysis. Data are normalised to tubulin levels. Representative blots are shown.
Data represent mean values + SEM, n =3, *p<0.05 vs. basal, #p<0.05 vs. IDeg. Regular
insulin (Ins), insulin glargine (IGla), active metabolite of insulin glargine (IGlaM1), insulin
degludec (IDeg).
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Supplementary Figure 3: Phosphorylation of Akt(Thr’’®) in adult rat ventricular

myocytes. (A) Adult rat ventricular myocytes (ARVM) were used to assess the onset of
insulin action by treatment with 100 nM for 10 min with insulin or insulin analogues. (B)
ARVM were analysed either without pre-treatment (blank bars) or pre-treated with 10 pM of
the specific Akt-inhibitor triciribine (filled bars) for 30 min. Subsequently, ARVM were
treated with either 100 nM insulin or insulin analogues for 10 minutes to investigate the
insulin signalling pathway after triciribine treatment. Phosphorylation of Akt(Thr’®®) was
assessed by Western blot analysis. Data are normalised to GAPDH levels. Representative
blots are shown. Data represent mean values £ SEM, n =4-5, *p<0.05 vs. basal. Regular
insulin (Ins), insulin glargine (IGla), active metabolite of insulin glargine (IGlaM1), insulin
degludec (IDeg)
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Supplementary Figure 4: Cell viability assay after triciribine treatment. Adult rat
ventricular cardiomyocytes (ARVM) were stained with 0.1 % trypan blue in PBS for 5
minutes after treatment with 10 uM triciribine, subsequently random bright field images were
taken and viable (white) and dead (blue) cells were quantified. (A-C) Representative bright
field pictures of basal conditions (A), 10 uM triciribine treatment (B) and 200 uM H,0;
treatment (C). At least 400 cells per condition per experiment were counted. Scale bar =
200 uM. (D) Quantification of living and dead cells. Data represent mean values £+ SEM,

n =3, *p<0.05 vs. basal.
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Abstract

Aims: Developing a safe, while more
convenient long-acting basal insulin for
diabetic patients is still an unmet medical
need. Thus, we conducted a comprehensive
pre-clinical study of the novel ultra-long
acting insulin analogue “***Insulin1 15.

Methods:
Pharmacokinetic/pharmacodynamic studies
comparing “***Insulin1 15 with other basal
insulins were conducted in ““mice.
Insulin signaling in the major target organs
was analysed by Western blot after single
subcutaneous injection in wildtype male
Wistar rats. Using in vitro assays we
analyzed transendothelial transport, insulin
receptor  interaction, mitogenic  and
metabolic properties of “*"Insulinl15.
Furthermore, insulin receptor
downregulation after long-term exposure
to high concentrations of “*"®Insulin115
was analyzed wusing an in vitro
desentization/resensitization model.

Results: The novel Fc-conjugated insulin
derivative “*"“Insulin115 showed an
extensively prolonged pharmacokinetic
and pharmacodynamic profile in rodents.
Despite its size of 59 kDa, “***Insulin115
passes the vascular endothelial barrier and
induces insulin signaling in all major target
tissues in rats. In vitro, LAPSTnsulinl 15
showed a very slow onset of action due to
its reduced insulin receptor affinity;
however, after long-term stimulation it was
equipotent in respect to its metabolic
potency and showed no increased
mitogenic action when compared to regular
insulin. Remarkably, under conditions of
chronic exposure, “***Insulin1 15 does not
induce irreversible desensitization of target
cells, most likely due to much Iless
prominent insulin receptor downregulation.

Conclusion: Thus, “*PInsulin115 exhibits
a unique in vivo and in vitro profile and
thereby represents an excellent candidate
for a once-weekly insulin analogue.
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Introduction

Basal insulin analogues are designed to
mimic a more physiological pattern of
endogenous insulin secretion and to cover
the daily basal insulin needs with the goal
to decrease the risk of hypoglycaemia.
Therefore, basal insulin analogues ideally
present a flat pharmacokinetic and
pharmacodynamic profile throughout the
day, as well as a long half-life to reduce
frequent dosing. Insulin degludec and
insulin glargine come closer to the ideal of
creating a peakless basal insulin '?, and
have to be injected once-daily. The
approach to create a hepato-preferential
insulin analogue with an increased half-life
for up to 24-45 h by PEGylation of insulin
lispro *, was stopped at the end of clinical
phase III due to an increase in liver fat in
the IMAGINE trials °. Further formats of
basal insulin analogues are under
development to reduce injection frequency
and, thus, to create a more convenient
therapy and to improve life quality of
diabetic patients.

To extend the half-life of proteins or
peptides  while  maintaining  their
therapeutic potential, several recombinant
techniques and chemical strategies have
been developed. A variety of different
approaches have used genetic fusion of
pharmacologically active proteins to the
immunoglobulin derived Fc-fragment, a
naturally long-half-life protein (reviewed
in °). These so called Fc-fusion proteins
have been made over the past 35 years to
prolong the half-life of proteins or peptides
and 11 of them have been approved for
marketing by the FDA ’. In contrast to
other structural modifications such as
PEGylation, the extended half-life of Fc-
fusion proteins occurs not only due to
slower renal clearance of larger sized
molecules °, but also by endothelial
recycling via the neonatal Fc receptor
(FcRn) (reviewed in 7).

Based on this knowledge, HANMI
pharmaceuticals has developed a next
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generation long-acting technology, namely
LAPSCOVERY™ (Long acting
protein/peptide discovery) (Jung SY, U.S.
Patent US7968316 B2, 2011). This
technology consists of a carrier in form of
an aglycosylated human immunoglobulin
G4 fragment (LAPS-carrier), and a
biological drug moiety. Both are connected
via a flexible 3.4 kDa PEG linker to
minimize steric hindrance. Aglycosylation
of IgG4 completely removed the residual
effector function, thereby minimizing the
immunoglobulin-mediated response known
for protein-based drugs '“'". This LAPS-
carrier was conjugated to Insulinll5, a
novel insulin analogue with increased
serum stability (Jung SY, Patent Pending
WO2015108398A1, 2015), resulting in
LAPSTnsulinl 15.

The aim of the present study was to assess
the action profile of ““"Insulin115 using
both in vivo and in vitro approaches. We
report a novel basal insulin analogue that
exhibits substantially prolonged
pharmacokinetic and pharmacodynamic
profiles in rodents and activates insulin
receptor (IR) signaling in all major target
tissues. In vitro, LAPS[hsulinl 15 is
characterized by a very slow onset of
action, a similar off-rate and a less and
reversible IR downregulation compared to
insulin. Therefore, LAPSThsulinl 15
represents an excellent candidate for once-
weekly administration.

Methods

Insulin molecules

As regular insulin, porcine (Sigma-
Aldrich, St. Louis, USA) and human
insulin  (Humulin-R, Eli Lilly and

Company, Indianapolis, USA) was used.
LAPSInsulin, LAPSIhsulinl 15 and Insulinl15

was kindly provided by Hanmi
Pharmaceuticals (Seoul, South Korea).
Insulin degludec was obtained from
pharmacy.  20K-PEG  Insulin  was

manufactured by Hanmi Pharmaceuticals
(Seoul, South Korea). '*I-labeled insulin
was purchased from Phoenix
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Pharmaceuticals (Burlingame, USA). '*’I-

labeled IGF-1 was obtained from Perkin
Elmer (Massachusetts, USA).

Receptor signaling in rats

All experiments were performed with
approval of the local government
committee, the ‘‘Landesamt fiir Natur,

Umwelt und Verbraucherschutz
Nordrhein-Westfalen’’. Male Wistar rats
were obtained by Charles River

(HsdCpb:WU) (Charles River, Sulzfeld,
Germany) and were used at 10 weeks of
age. Animals were food deprived for at
least for 8 h prior sacrifice. Rats received a
single subcutaneous injection of 60
nmol/kg “***Insulin115 diluted in saline,
or saline alone (control group). After
indicated time points rats  were
anaesthetized with 1.5% isoflurane,
sacrificed by decapitation, blood samples
were collected, and skeletal muscle (M.
gastrocnemius), liver and visceral adipose
tissue were removed and snap frozen.
Subsequently, tissues were lysed and
processed as described before 2.

Trans-endothelial passage

5x10* hCAEC were seeded in the upper
compartment of a transwell system (24-
well, pore size 0.4 um, Corning
Incorporated Life Sciences, New York,
USA) as described before ', and were
maintained in Endothelial Cell Medium
MV  (PromoCell, Heidelberg, Germany)
containing 20% FCS for 6 d. Then,
medium was switched to Endothelial Cell
Medium MV containing 20%  heat-
inactivated FCS and cells in the upper
compartment were exposed to 100 nM
regular insulin or “*"*Insulin115. Regular
insulin or “*"Insulinl15 concentrations in
the lower compartment indicating trans-
endothelial passage were measured in a
time frame for up to 24 h. During the
experiments, confluence of the endothelial
monolayer was checked by phalloidin-
staining and by the transfer of a 3 kDa
FITC-dextran (ThermoFisher Scientific,
Waltham, USA) as described before .
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In vitro analysis of growth promoting
activity

DNA synthesis in hCASMC was
monitored as described before '*. To assess
the cell proliferative potency of the
different insulin molecules in Saos-2 and
MCEF-7 cells [*H]-thymidine incorporation
into DNA was measured. Starved cells
were incubated with the different insulin
molecules for 19 or 15 h for Saos-2 or
MCF-7  cells, respectively.  After
incubation, medium was removed and cells
were washed with assay media described
in cell culture section. [3H]-thymidine
solution (0.125 pCi per well as final
concentration) was added to the cells and
incubated for 6 h. Afterwards, cells were
detached by 1xTE-buffer, transferred to
unifilter-96 GF/C plate (Perkin Elmer,
Massachusetts, USA) and dried for 4 h at
55°C. After adding MicroScint O solution
(Perkin Elmer, Massachusetts, USA),
energy was measured by scintillation
counter (Perkin Elmer, Topcounter) and
ECso value of insulin samples were
calculated from 4-parameter logistic
regression.

Analysis of protein abundance and
phosphorylation

Cell lysis, SDS-PAGE and Western blot
analysis was performed as described before
' Primary antibodies for anti-phospho-
Akt(Ser473), anti-total-Akt, anti-phospho-
p44/42 MAPK (ERK1/2, Thr202/Tyr204),
anti-phospho-IR beta (Tyr1150/1151 and
Tyr1146) (Cell Signalling Technology,
Frankfurt, Germany), anti-phospho-IR beta
(Tyr972) (Abcam, Cambridge, United
Kingdom), anti-IR (B-subunit) (Merck
Millipore, Schwalbach, Germany), anti-a-
tubulin (Merck Millipore, Schwalbach,
Germany), anti-B-actin (Abcam,
Cambridge, United Kingdom) and
corresponding secondary HRP-coupled
antibodies (Promega, Mannheim,
Germany) were used.

RNA isolation, cDNA synthesis and
qRT-PCR
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RNA isolation, cDNA synthesis and qRT-
PCR was performed as described before ',
mRNA expression levels were determined
with predesigned Quantitect Primer Assays
for IR (QT02396128) and [-Actin
(QT01680476).

Presentation of data and statistics

Data are expressed as mean = S.E.M.
Unpaired two-tailed Student's t-test or one-
way ANOVA (post hoc test: Bonferroni)
were used to determine statistical
significance. All statistical analyses were
done using Prism (GraphPad, La Jolla, CA,
USA) considering a p-value < 0.05 as
statistically significant.

Results

LAPSTnsulin115  exhibits a prolonged
pharmacokinetic and pharmacodynamic
profile compared to “* SInsulin

The long-acting basal insulin
LAPSTnsulinl 15 consists of the novel insulin
analogue Insulinl 15 conjugated to the non-
glycosylated FC region of a human
immunoglobulin G4 fragment via a small
PEG linker and is developed for once-
weekly administration (Suppl. Fig. la).
After subcutaneous injection to rats, the
half-life of "“**Insulinl15 is 2.4-fold
extended compared to ““*Insulin (human
insulin conjugated to LAPS-carrier via
PEG linker) and even 7-fold and 15-fold
elevated in comparison to the other long-
acting insulin analogues 20 kDa PEG-
Insulin and insulin degludec, respectively
(Suppl. Fig. 1b). To assess the glucose
lowering efficacy of “*"Insulinll5,
fasting blood glucose levels were measured
after a single subcutaneous administration
in diabetic “”“mice. “***Insulin115 was
found to normalize fasting blood glucose
levels in a dose-dependent manner for
more than 7 days, whereas blood glucose
levels after ““PInsulin  administration
started to increase after 3 days already
(Suppl. Fig. 1c). Furthermore, to achieve a
similar reduction in HbAlc in ““mice a
4-fold lower concentration of
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EAPSInsulinl15 is sufficient compared to
LAPSTnsulin (Suppl. Fig. 1d).

LAPSTnsulin115 crosses the endothelial
barrier and induces insulin signaling in
all target tissues

Since the endothelium plays a pivotal role
in drug distribution in vivo, we analyzed
whether “*"Insulin115 is able to cross the
endothelial barrier via an in vitro
permeability assay as described before .
Confluency of human coronary artery
endothelial cells (hCAEC) was determined
visually by phalloidin-staining and
quantitatively by transfer of a 3 kDa FITC-
dextran (Suppl. Fig. 2). After 4 and 8 h,
LAPSInsulinl 15 transport  across  the
endothelial layer was significantly less
efficient compared to regular insulin (Fig.
la). However, after 24 h the same amount
of ““PInsulinl15 and regular insulin
passes the endothelial layer, most likely
due to the absence of IR downregulation
under these conditions (Fig. 1a and Suppl.
Fig. 2). Furthermore, the induction of
insulin signaling in the major insulin-
sensitive tissues was investigated in rats.
8 h and 24 h after a single subcutaneous
administration of 60 nmol/kg
LAPSInsulinllS, a concentration of
45 nmol/l and 137 nmol/l of “***Insulin115
was detected in blood plasma, respectively
(Fig. 1b). In line with that, blood glucose
levels were significantly decreased after
24 h (Fig. 1c). At the signaling level, liver
and skeletal muscle showed a significantly
induced IR phosphorylation 8 h after
LAPSThsulinl 15 administration, with the
liver showing the strongest response.
However, after 24 h we found a
significantly increased IR phosphorylation
in all major insulin-sensitive tissues
(Fig. 1d,e). Further downstream, we
observed a significant Akt phosphorylation
after 24 h in all analyzed tissues (Fig. 1f,g).

LAPSIhsulinl15 interacts with the insulin

receptor similar to regular insulin

First we measured the binding affinity of
the different insulins to the IR and the
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IGF-1 receptor (Fig. 2a). The unconjugated
Insulin115 showed a binding affinity to the
IR and the IGF-1 receptor comparable to
regular insulin. LAPS conjugation reduces
the binding affinity to the IR to 1.7 %
compared to regular insulin, whereas
binding to the IGF-1 receptor was not
detectable anymore. Additionally, we
assessed  the dissociation-rate of
LAPSTnsulinl15  in H9c2-E2  myocytes,
overexpressing the human IR (Fig. 2b,c).
After 30 min pre-incubation with
LAPSIhsulinl15, we observed a similar
amount of '*’I-labeled insulin bound to the
cells compared to regular insulin,
indicating a comparable dissociation-rate
for both insulins. In contrast, pre-
incubation with the insulin analogue
AspB10, which has a prolonged occupancy
time on the receptor, leads to reduced
binding of '*I-labeled insulin (Fig. 2b),
which is significantly decreased when
compared to ““"Insulin115 and regular
insulin (Fig. 2¢). Next, we assessed the IR
phosphorylation pattern of “***Insulin115
after treatment of H9c2-E2 cells. To assure
full action of “***Insulinl15 we used a
5-fold higher concentration of
LAPSInsulinl15, which acutely showed a
similar downstream signaling compared to
100 nM regular insulin (data not shown).
At all three tyrosine phosphorylation sites,
we did not detect any difference between
LAPSTnsulinl15 and regular insulin after
10 min exposure (Fig. 2d-g).

LAPSTnsulin115 has a similar mitogenic
potency compared to regular insulin

To exclude any carcinogenicity we
analyzed the mitogenic potency of
LAPSInsulinl15 in cancer cell lines. In
Saos-2 and MCF-7 cells, predominantly
expressing the IGF-1 receptor,
LAPSInsulinl15 induces proliferation only
by 5% compared to regular insulin
(Fig. 3a). Additionally, we investigated the
mitogenic potency of ““***Insulinl15 in
human coronary artery smooth muscle
cells (hCASMC), since smooth muscle cell
proliferation is a hallmark in the
development of atherosclerosis. After
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short-term stimulation with the different
insulin molecules, we could observe a
significant Erk1/2 activation with insulin
AspB10 only (Fig. 3c). After 24 h no
increased ERKI1/2 phosphorylation was
detectable for any insulin (Fig. 3d).
Consistent with the signaling data, only
insulin  AspB10 significantly induced
proliferation using low (100 nM) and high
(1000 nM) concentrations of the different
insulins (Fig. 3e,f).

After long-term stimulation,
" Insulin115  exhibits a similar
metabolic potency compared to regular
insulin

Focusing on the metabolic potency, we
analyzed the impact of “*™Insulinl115 on
Akt activation and glucose uptake in
human skeletal muscle cells. We did not
observe an acute Akt activation with
LAPSInsulinl15 in contrast to the other
insulin molecules (Fig. 4b). However, after
long-term stimulation we could not detect
any significant difference between regular
insulin  and “*PInsulin115 anymore
(Fig. 4c). A similar pattern was observed
for the induction of glucose uptake in
hSKkMC. In the acute setting, the ECsg
value of LAPSInsulinl15 revealed a 20%
potency to induce glucose uptake
compared to regular insulin (Fig. 4d).
However, after long-term exposure the
LAPSInsulinl15-induced  glucose  uptake
was not significantly different from regular
insulin anymore due to a drop down of the
regular insulin-induced glucose uptake
(Fig. 4e). To determine why regular insulin
is less effective after 24 h exposure, IR
protein abundance was assessed in both,
short- and long-term setting. After 24 h the
IR protein level was tremendously
decreased in the regular insulin and
Insulinl15 treated cells. In contrast,
treatment with 100 nM ““**Insulin115 did
not induce IR downregulation. Even
500 nM LAPSInsulinl15 only slightly
reduced the IR protein level, which was
still significantly higher compared to
regular insulin and Insulin115 (Fig. 4f-h).
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Less insulin receptor downregulation by
LAPSTnsulin115 leads to improved insulin
signaling after chronic exposure
compared to regular insulin

To further elaborate on the absence of IR
downregulation by *™Insulinl15, we
generated a time-course treating hCASMC
with 100 nM of the different insulin
molecules for up to 48 h. After 12 h the IR
was  substantially and  comparable
downregulated by regular  insulin,
Insulinl15 and AspB10 but not by
LAPS Tnsulinl 15. This absence of
downregulation of the IR remained
unaltered up to 48 h treatment (Fig 5b). To
investigate whether the decreased IR

downregulation is  beneficial for
maintaining insulin  signaling under
chronic exposure to high insulin

concentrations, we established a cell
culture model of insulin
desensitization/resensitization in hCASMC
(Fig. 5c¢). To assure LAPSIhsulinl15-
induced downregulation of the IR, we
chronically exposed the cells to 500 nM
LAPSInsulinl15 or regular insulin  and
observed a significantly decreased insulin-
stimulated Akt phosphorylation in both
conditions. However, the insulin signaling
in the ““PInsulinl15 treated cells
recovered almost completely within 48 h
and was significantly improved compared
to the regular insulin treated cells after 24
and 48 h recovery (Fig. 5e). The reduced
Akt activation or the difference between
the “***Insulinl15 and the regular insulin
exposed cells could not be explained by a
reduction of total Akt levels (Fig 5f). In
accordance to insulin signaling, chronic
exposure leads to a significant reduction of
the IR protein level in both conditions.
However, in the LAPSThsulinl 15 treated
cells the IR recovers completely within
48 h. In contrast, the IR protein level of the
regular insulin treated cells recovers only
to 45% within 48 h and was significantly
decreased compared to the ““**Insulin115
treated cells after 24 h and 48 h recovery
(Fig. 5g). Interestingly, in both conditions
the IR mRNA levels were not altered after
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the chronic exposure as well as during the
recovery phase (Fig. 5h).

Discussion

We present a comprehensive in vivo and in
vitro characterization of the novel weekly
insulin ~ "*PSInsulin115. In rodents,
LAPSInsulinl 15 showed a 15-fold extended
serum half-life compared to the long-acting
insulin degludec and a blood glucose
lowering efficiency for up to 7 days. After
entering the circulation, LAPSInsulinl 15
crosses the endothelial barrier comparable
to regular insulin and induces insulin
signaling in all major target tissues. In
vitro, we studied the precise mechanism of
LAPSTnsulinl 15 action and found an
equipotent metabolic and mitogenic
potency after long-term stimulation
compared to insulin. Remarkably, in an in
vitro . model of chronic exposure,
LAPSTnsulin115 does not desensitize target
cells irreversibly in contrast to insulin most
likely due to less IR downregulation.

This is the first comprehensive
characterization of a weekly insulin based
on Fc-technology, however other basal
insulin analogues with the potential for
once-weekly dosing are currently under
development (e.g. PE0139 developed by
PhaseBio [clinical phase I completed (Trial

Number: NCTO01835730)], Insulin 287
developed by Novo Nordisk [clinical
phasel  completed (Trial  Number:

NCT02148861)], ABI01 developed by
AntriaBio (preclinical phase '°)). While the
modification of Insulin 287 is undisclosed,
the once-weekly potential of PE1039 and
AB101 results from genetic fusion of
native insulin to an elastin-like peptide
(ELP) polymer and from PEGylation of
human insulin encapsulated into poly-
lactic, poly-glycolic (PLGA) microspheres,
respectively.

Since the basal insulin PEGlispro (BIL)
gained considerable interest as a hepato-
preferential insulin analogue most likely
due to its hydrodynamic size leading to

trapping in the sinusoidal space '°, we
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investigated whether this might also play a
role for “***Insulin115. Beside an elevated
hepatic glucose uptake induced by BIL,
Moore and colleagues showed an increase
in insulin signaling in the liver compared
to human insulin '°. Here, we demonstrate
that “*"Insulinl 15 with a molecular size
of 59 kDa is able to cross an endothelial
layer consisting of hCAEC in vitro
indicating that “*"“Insulinl15 absorption
does not need a wide fenestration of the
endothelium known for hepatic sinusoidal
capillaries. Most importantly, 24 h after
LAPSTnsulinl 15 injection we observed a
comparable insulin signaling in liver,
skeletal muscle and adipose tissue in vivo
suggesting that ““***Insulinl 15 reaches all
major target tissues without any
preference.

It is well known that diabetes contributes
to the progression of atherosclerosis and
increases incidence of cancer; thus, it is
essential to analyze the mitogenic potency
of novel long-acting insulin analogues. The
recombinant insulin analogue AspB10 was
already in clinical development when it
was linked to carcinogenic activity due to
an increased IGF-1 receptor affinity and a
sustained activation of the IR '"'%
Regardingly, we show that “***Insulin115
has a very low binding affinity to the IR
and no detectable affinity to the IGF-1
receptor compared to AspB10 as well as
regular insulin. Additionally,
LAPSInsulinl15 has a faster dissociation
rate of the IR compared to AspBI10,
suggesting a lower mitogenic potency.
This was confirmed by measuring
proliferation in hCASMC. Here, we
observed no significant induction of
proliferation by “*"Insulin115 even with
very high concentrations (1000 nM).
Furthermore, in cancer cell lines with high
expression of the IGF-1 receptor,
LAPTnsulinl 15 induced proliferation only
to 5% compared to insulin. Therefore,
LAPSInsulinl15 is  not exhibiting an
increased mitogenic activity and does not
provide any indication for a pro-
cancerogenic and pro-atherogenic potency.
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The metabolic activity of “**Insulinl15
was assessed by analyzing insulin
signaling and glucose uptake in hSkKMC. In
line with other insulin analogues, such as
insulin glargine and detemir ", we found a
lower metabolic potency of “*"*Insulin115

(~20%) compared to regular human
insulin. However, in line with the
pharmacodynamics data  in vivo,
stimulation of insulin signaling and

glucose uptake by “*" Insulinl15 in vitro
showed a flat and prolonged profile of
action in contrast to regular insulin.
Remarkably, the difference in the action
profile of these two insulin molecules in
vitro results most likely from a reduced IR
downregulation by "*"“Insulinl15 (see
Fig. 5). Taken together, the metabolic
action profile in vitro and the
pharmacokinetic and pharmacodynamic
data in vivo show that “***Insulin115
fulfills the requirements of a basal insulin
analogue with a low peak-to-through ratio.

It is known that insulin analogues induce
IR downregulation in proportion to their
capacity to bind to the receptor *°. In line
with that, we do not observe a significant
downregulation of the IR with 100 nM
LAPSTnsulinl 15 in three different cell types
(hCAEC, hSKMC and hCASMCO).
However, when we increased the
concentration to 500 nM, which showed
equal receptor occupancy for regular
insulin  and "***Insulinl15 in our
dissociation assay, we observed a
significant higher IR protein level in the
LAPSThsulinl 15 treated hSKMC. Thus, it is
more likely that the reduced IR
downregulation by “*"Insulinl15 results
from an altered processing of the
insulin/receptor complex due to the
increased molecular size.

Whether the reduced IR downregulation
might have an effect on insulin
responsiveness under conditions of chronic
exposure was investigated by measuring
insulin sensitivity of cells treated with high
concentrations of regular insulin or
FAPSInsulinl15 for 5 days. In our in vitro
model we observed that the chronic

54

treatment by ““**Insulinll5 or regular
insulin leads to insulin resistance in both
conditions. However, insulin signaling in
MAPTnsulinl15  treated cells  recovers
almost completely in contrast to regular
insulin treated cells. There are extensive
studies in humans providing very similar
results to those we obtained in our in vitro
model. These studies investigated the IR
level in monocytes prepared from
peripheral blood and found a reduction of
IR level after chronically elevated insulin
levels due to overeating and obesity *'>*,
and a return to normal receptor
concentrations upon prolonged exposure to
normal insulin levels, which can take up to
several weeks . Although monocytes are
not considered as target cells for the
metabolic action of insulin, previous
studies have shown that changes in insulin
binding to monocytes reflect alterations in
IRs at target tissues such as liver and
adipose tissue %% Taking this into
account, our data indicate  that
LAPSInsulinl15 treatment might lead to a
faster recovery after treatment-associated
increased insulin levels and therefore to an
improvement in insulin  sensitivity.
However, to confirm our data long-term
clinical studies in humans are required.

In conclusion, we report a comprehensive
in vivo and in vitro profile of the novel
weekly insulin LAPSTnsulinl 15. This insulin
shows several unique properties, such as a
substantially prolonged pharmacokinetic
and —dynamic profile, a very slow onset of
action, no increased mitogenic potency,
and most importantly it does not
irreversibly desensitize target cells under
chronic conditions, making “*"Insulin115
an excellent candidate for a once-weekly
insulin derivative.
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Figure 1: Endothelial passage and tissue-specific signaling of “*"*Insulin115. (a) Human
coronary artery endothelial cells (hCAEC) were seeded on matrigel-coated polyethylene
terephthalate (PET) filters of a transwell system. After reaching full confluency, cells in the
upper compartment were exposed to 100 nM regular insulin or “***Insulin1 15. The amount of
both insulins in the lower compartment were determined by ELISA. (n=3-4; mean+S.E.M.).
(b-g) 8 h and 24 h after “*"™Insulin115 (60 nmol/kg) injection, Wistar rats were sacrificed,
blood samples were taken and organs were isolated. (b) Plasma concentrations of
LAPSInsulind 15 were assessed by ELISA (n=6-8; mean+S.E.M.) (¢) Blood glucose levels were
determined with a One Touch Ultra Glucometer (n=6-8; mean+S.E.M.; *p<0.05 compared to
control). (d-g) Organs were lysed and total lysates were resolved by SDS-PAGE and
immunoblotted with an antibody against the phosphorylated insulin receptor(Tyr'*”'**") and
Akt(Ser'™). (d,f) Representative Western blots and (e,g) respective quantifications are shown.
Data are tubulin normalized (n=6-8; mean+S.E.M.; *p<0.05 compared to corresponding
control). Ins, insulin; InsR, insulin receptor; Tyr, tyrosine; contr., control; -cells, without cells.
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Figure 2: Insulin receptor interaction of “*"*Insulin115. (a) Binding affinity of the test
materials was measured by competition of '*I-labeled insulin or '*I-labeled IGF-1 binding in
a scintillation proximity assay (SPA) (n=3). (b) H9c2-E2 cells, overexpressing the human
insulin receptor, were equilibrated with 500 nM of the different insulin molecules, washed,
and 'I-labeled regular insulin was then added for different time points to allow receptor
binding. Insulin AspB10 was used as a positive control (n=3; mean+S.E.M.). (¢) Calculated
area under the curve from (b) reflecting the dissociation-rate of the different insulin molecules
(n=3; mean+S.E.M.; *p<0.05 compared to control or as indicated). (d-g) After starvation in
serum- and insulin-free medium for 2 h, H9¢2-E2 cells were stimulated with the different
insulin molecules for 10 min. Regular insulin, insulin AspB10 and Insulin115 were used in a
concentration of 100 nM and “***Insulinl 15 was given in a concentration of 500 nM. Total
cell lysates were resolved by SDS-PAGE and immunoblotted with an antibody to the
phosphorylated insulin receptor tyrosine site 1150/1151, 1146 and 972. (d) Representative
Western blots and (e-g) respective quantifications are shown. Data are tubulin normalized
(n=3-4; mean+S.E.M.; *p<0.05 compared to control or as indicated). Ins, insulin; Tyr,
tyrosine; reg. Ins, regular insulin; contr., control; AU, arbitrary unit; AUC, area under the
curve.
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Figure 3: Mitogenic potency of “***Insulin115. (a) The mitogenic potency was determined
by [*H]-thymidine incorporation into DNA. After 24 h starvation, Saos-2 and MCF-7 cells
were exposed to the different Insulin molecules. ECsy values were calculated and regular
insulin was taken as 100% (n=3). (b-d) Human coronary artery smooth muscle cells
(hCASMC) were treated short-term (10 min) or long-term (24 h) with 100 nM of the
indicated insulins. Erk1/2 phosphorylation was assessed by Western blot analysis as described
before. (b) Representative Western blots and (¢,d) respective quantifications are shown. Data
are tubulin normalized (n=5-6; mean+S.E.M.; p<0.05 compared to basal). (e,f) Proliferation
of hCASMC was determined by measuring the incorporation of BrdU into DNA. Cells were
treated with indicated insulins in a concentration of 100 nM (e) or 1000 nM (f) for 24 h. Data
are expressed relative to the basal control value taken as 100% (n=6; mean+S.E.M.; *p<0.05
compared to basal or as indicated). Ins, insulin; reg. Ins, regular insulin; BrdU,
Bromodeoxyuridine.
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Figure 4: Metabolic potency of “***Insulin115. (a-c) Human skeletal muscle cells (hSkMC)
were treated short-term (10 min) or long-term (24 h) with 100 or 500 nM of the indicated
insulins. Akt(Ser'’’) phosphorylation was assessed by Western blot analysis as described
before. (a) Representative Western blots and (b,c) respective quantifications are shown. Data
are B-actin normalized (n=4, mean+S.E.M.; *p<0.05 compared to basal or as indicated). (d)
Concentration-response curve of regular insulin and “*"*Insulin for stimulating glucose
uptake in hSKMC. Glucose uptake was measured by '*C-labeled 2-deoxy-D-glucose (2-DOG)
for 2 h. (e) Cells were stimulated 30 min (left panel) or 22 h (right panel) with 100 nM regular
insulin or “**Insulin115. Glucose uptake was measured as stated before (n=3; mean+SED;
*p<0.05 compared to basal or as indicated). (f-h) hSkMC were treated short-term (10 min) or
long-term (24 h) with 100 or 500 nM of the indicated insulins. Insulin receptor protein level
was assessed by Western blot analysis as described before. (f) Representative Western blots
and (g,h) respective quantifications are shown. Data are f-actin normalized (n=4,
mean+S.E.M.; *p<0.05 compared to basal or as indicated). Ins, insulin; InsR, insulin receptor;
reg. Ins, regular insulin; 2-DOG, 2-deoxy-D-glucose; cpm, counts per minute.
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Figure 5: Effect of chronic exposure to “*"*Insulin115 on the insulin signaling cascade.
(a,b) HCASMC were treated with 100 nM of the indicated insulins for up to 48 h. Insulin
receptor protein level was assessed by Western blot analysis as described before. (a)
Representative Western blot and (b) respective quantification is shown. Data are tubulin
normalized (n=5; mean+S.E.M.; p<0.05 compared to basal). (¢) Experimental design of the
insulin desensitization/resensitization cell culture model. (d-h) HCASMC were exposed to
500 nM “***Insulin1 15 or regular insulin for 5 days, followed by a recovery phase in serum-
and insulin-free medium for indicated time period. Afterwards cells were acutely (10 min)
stimulated with 100 nM regular insulin. (d-g) Akt(Ser'’) phosphorylation, total Akt and

insulin receptor protein abundance were assessed by Western blot analysis. (d) Representative
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Western blots and (e-g) respective quantifications are shown. Data are tubulin normalized
(n=3-4, mean£S.E.M.; *p<0.05 compared to corresponding control or as indicated). (h)
Insulin receptor mRNA level was quantified by real-time PCR and normalized to the level of
B-actin. Data are expressed relative to control (n=3-4, mean+S.E.M.). Ins, insulin; InsR,
insulin receptor; reg. Ins, regular insulin; contr., control; recov., recovery.
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Supplementary Material

Generation of Insulin 115 and

LAPSIhsulin 115

To obtain the Insulin 115 gene, site-
directed mutagenesis PCR was performed
with the native human insulin gene as
template DNA, followed by cloning into
pET-22b (+) plasmid vector (Merck).
Insulin 115 gene was transformed into the
BL21DE3 Escherichia coli strain and
overexpressed in inclusion bodies (IB).
Harvested cells were lysed and disrupted
using a Microfluidizer (ACTechnology).
Pellets were collected and then dissolved
in glycine buffer containing 6 M urea. The
dissolved IB was slowly diluted 3—10 fold
for refolding into a native tertiary structure
with disulfide bridges. Fully regenerated
proinsulin was converted to insulin by
photolytic enzymes, and finally purified
using  three steps of  column
chromatography.

To conjugate Insulin 115 to the LAPS-
carrier, Insulin 115 was mixed with homo
bi-functional aldehyde PEG (MW 3,400
kDa) in the presence of sodium
cyanoborohydride. Upon completion of the
modification reaction, mono-PEGylated
peptides (proteins) were purified using ion
exchange chromatography. For
conjugation, human aglycosylated Fc-
fragment was added to the PEGylated
Insulin 115 at established optimal
condition. For site specificity, the reaction

was performed under highly specific
conditions (pH 5.5-8.5) with sodium
cyanoborohydride. LAPS-carrier-

conjugated Insulin 115 was purified by a
process including hydrophobic interaction
chromatography and anion exchange
chromatography.

Cell culture

Human skeletal muscle cells (hSkMC) of
healthy Caucasian donors were supplied as
proliferating myoblasts (5x 10° cells) and
were cultured as described previously (29).
Shortly, myoblasts were seeded in 6-well
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culture dishes at a density of 1x10° cells
per well and cultured in a-modified
DMEM/F12 medium containing skeletal
muscle cell growth medium supplement
pack (Promocell, Heidelberg, Germany) up
to near confluence. The cells were then
differentiated and fused by culture in a
modified DMEM for 4 days and used for
experiments.

Human coronary artery smooth muscle
cells (hCASMC) were obtained from
PromoCell (Heidelberg, Germany), Tebu-
bio (Le Perray-en-Yvelines, France) and
Lonza (Basel, Switzerland). Cells from
four different donors were supplied as
proliferating cells and kept in culture
according to the manufacturer’s protocol.
For all experiments, subconfluent cells of
passage five were used. Cells were seeded
in six-well culture dishes at a density of
2x10° cells per well and cultured in
DMEM medium containing 10% FCS.
Cells were allowed to attach for 24 h and
then serum-starved for further 24 h.

Human coronary artery endothelial cells
(hCAEC) were obtained from PromoCell
(Heidelberg, Germany) and were cultured
in  Endothelial Cell Medium MV
(PromoCell, Heidelberg, Germany),
containing 20% FCS. For all experiments
cells of passage four were used.

Human osteosarcoma cells (Saos-2) were
obtained from ATCC (cat. #HTB-85) and
were maintained in growth medium
(McCoy’s S5A with 15% FBS and 1%
Pen/Strep). For an assay, 1x10* cells per
well were seeded in 96-well plate and
allowed to attach for 24 h. Afterwards cells
were washed once and starved for 4 h with
assay medium (McCoy’s 5A with 0.5%
BSA and 1% Pen/Strep).

Human breast adenocarcinoma (MCF-7)
cells were obtained from ATCC (cat#HTB-
22) and were maintained in growth
medium (RPMI1640 with 10% FBS and
1% PS). For an assay, 1x10* cells per well
were seeded in growth medium to 96-well
plate and allowed to attach for 24 h.
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Afterwards cells were washed once and
starved for 15 h with assay medium
(phenol red free RPMI 1640 including 1%
Pen/Strep).

H9c2 cells obtained from ATCC (cat.
#CRL-1446) were stably transfected with
the human insulin receptor in our
laboratory (H9c2-E2) (30). Cells were
cultivated in DMEM (low glucose, 10%
FCS, 1% non-essential amino acids and
600 pg/ml G418 (all from Invitrogen,
Carlsbad, CA, USA)). Cells were seeded in
6-well culture dishes at a density of
2.5x10° cells per well. Cells were cultured
until reaching full confluency and then
serum-starved for 2 h in DMEM low
glucose.

Measurement of the different insulin
molecules

Concentrations of regular insulin and
LAPSInsulin 115 were determined with the
Insulin Quantikine ELISA Kit (RnD
Systems, Minneapolis, MN, USA). Insulin
was  detected according to  the
manufacturer’s protocol. For detection of
LAPSInsulin 115, a horse radish peroxidase
(HRP)-conjugated mouse anti-human IgG4
(Alpha Diagnostics Inc, San Antonio, TX,
USA) was used as secondary antibody.
Concentrations of 20K-PEG Insulin and
insulin degludec were measured with iso-
Insulin ELISA kit (Mercodia, Uppsala,
Sweden).

Binding studies

The binding of human insulin, IGF-1,
insulin ~ AspB10, Insulin 115, and
LAPSInsulin 115 to insulin receptor or IGF-
1 receptor was determined by competition
of '*I-labeled insulin or '*I-labeled IGF-1
binding in a scintillation proximity assay
(SPA), respectively. Membranes were
isolated from insulin receptor or IGF-1
receptor overexpressing CHO cells by one-
step sucrose gradient method. Membranes
(2 ng for insulin receptor and 20 pg for
IGF-1 receptor) were incubated with 250
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ug WGA PVT SPA beads (Perkin Elmer,
Massachusetts, USA), 250 pM of '*I-
labeled insulin or '*I-labeled IGF-1 and
diluted insulin samples. The radioactivity
was measured after 4 h incubation at room
temperature by using scintillation counter
(Topcount NTX , Perkin Elmer,
Massachusetts, USA).

Dissociation studies

Medium was changed directly before
H9c2-E2 cells were exposed to 500 nM
regular insulin, “***Insulin 115 or AspB10
for 30 min. Untreated cells were used as
control. Subsequently, cells were washed
twice with ice cold PBS to remove
unbound insulin. 0.2 uCi of '*I-labeled
insulin diluted in warm DMEM was added
to each well and cells were kept at 37°C
for 5, 20 or 60 min to allow binding of '*I-
labeled insulin. Cells were washed again
with ice cold PBS and lysed with 1 M
NaOH for 30 min. Lysates were counted in
a 1282 Compugamma CS Universal
Gamma Counter (LKB Wallac, Victoria,
Australia).  Unspecific  binding  was
determined by incubating the cells with 1
uM  unlabeled regular insulin in
combination with 0.2 uCi of '*I-labeled
insulin.

Glucose Uptake

Differentiated human skeletal muscle cells
were either short-term (30 min) or long-
term (22 h) stimulated with regular insulin
or ““"Insulin 115 (concentration as
indicated). Then, 0.25 pCi 2-deoxy-D-
glucose (2-DOG) was added to each well
and uptake was measured for 2 h. The
experiment was terminated by repeated
washing  with ice-cold 0.25 uM
cytochalasin B and cells were then lysed
with 1 M NaOH. The radioactivity of the
lysates was counted in a liquid scintillation
counter (Beckman). Values were corrected
for non-specific uptake as measured after
incubation with L-['*C] glucose (Perkin
Elmer, Massachusetts, USA).
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Supplementary Figure 1: Pharmacokinetics and pharmacodynamics of LAPSInsulin115.
(a) Schematic overview of the Long Acting Peptide/Protein Discovery Technology
(LAPSCOVERY™) used to generate ““"“Insulinll5. (b) After single subcutaneous
administration (“***Insulin115/“***Insulin: 65.1 nmol/kg; 20K PEG-Insulin: 65.1 nmol/kg;
insulin degludec: 55.8 nmol/kg) to rats, blood samples were collected at indicated time points,
followed by analyzing serum concentrations of the different insulin molecules by ELISA
(n=3-5; mean+S.E.M.). (c) After a single subcutaneous administration of “***Insulin115 or
LAPSTnsulin to “““’mice, blood samples were collected at indicated time points after 4 h
fasting, and blood glucose levels were measured with a One Touch Ultra Glucometer (n=7;
mean+S.E.M.). (d) ““**Insulin115 and “*"Insulin were subcutaneously administrated every
other day (Q2D) to “’“mice. Blood samples were collected after 4 weeks of repeated dosing
and HbAlc was determined by DCA vantage analyzer (n=6; mean+S.E.M.; *p<0.05
compared to vehicle). Ins, insulin; 20K PEG-Ins, 20 kDa PEG-Insulin; reg., regular.
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Supplementary Figure 2: Validation of the in vitro endothelial permeability assay. (a,b)
Human coronary artery endothelial cells (hCAEC) were seeded on matrigel-coated
polyethylene terephthalate (PET) filters of a transwell system. Cells were cultured 6 d in the
upper compartment of the transwell system until they reach full confluency. (a) To assure full
confluency of the endothelial monolayer, cells were stained against phalloidin (red) and with
nuclear dye, DAPI (blue), at the starting (0 h) and end (24 h) point of the experiment. (b) The
unspecific transport of a 3 kDa FITC dextran was measured to compare the confluence in
every well of each condition (with and without cells), (n=4, mean+S.E.M.). (¢,d) HCAEC
were treated with 100 nM of the indicated insulins for up to 24 h. Insulin receptor protein
level was assessed by Western blot analysis as described before. (a) Representative Western
blot and (b) respective quantification is shown. Data are tubulin normalized (n=5-6;
mean+S.E.M.; p<0.05 compared to basal). Scale bar, 50 um (a). Ins, insulin; reg. Ins, regular
insulin; phall, phalloidin; -cells, without cells.
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3 Discussion

3.1 Effects of Insulin and Long-Acting Insulin Analogues in

Cardiomyocytes

Traditionally the liver, skeletal muscle and adipose tissue are considered as main targets of
insulin. However, other tissues, such as the central nervous system (CNS) and the
cardiovascular system, are affected by insulin and its signalling as well [223, 224]. The heart
expresses 10,000 — 100,000 IR per cardiomyocyte [223] and shows similarities in insulin
action with the aforementioned tissues. Those effects are increased glucose transport,
modification of metabolism, protein synthesis, and inhibition of apoptosis [107, 108, 223].
Additionally, insulin triggers (cardio)myocyte-specific effects (e.g. increased contractility and
beating-rate due to enhanced Ca’" signalling) [223]. Furthermore, since the FDA raised
concerns about potential cardiovascular side-effects of IDeg (as described in chapter 1.3.3)
and the lack of availability of in vitro studies comparing the molecular effects of long-acting
insulin analogues on cardiomyocyte cell models, a comprehensive in vitro study comparing
IGla, its active metabolite IGlaM1 and IDeg in insulin signalling and important functional

readout experiments, were performed.

The binding affinity of insulin analogues towards the IR is important for triggering insulin
signalling. Since binding data of IDeg are scarce with only one published poster presentation
at the EASD 2010 [172], binding affinities of the analogues in two different binding
competition assays were analysed. One using solubilised IR preparations (S-IR), as used in
the previously published study and the other using membrane embedded IR preparations
(M-IR). Interestingly, the two assays showed different receptor affinities. We did not observe
a difference in S-IR preparations between the analogues (Study 1, Supplementary Figure 1)
with 1GlaM1 showing an ICsy of 2.09 £ 0.74 nmol/L and IDeg showing an ICsy of
3.12 + 0.42 nmol/L (Study 1, Supplementary Table 1), which is similar to previously
published data [172]. However, when the ICsy values in a competition binding assay using
M-IR preparations were compared, a tremendous right shift of the inhibitory curve was
observed when IDeg was used, compared to Ins and IGlaM1 (Study 1, Figure 1A). In these
experiments Ins and IGlaM1 showed similar results as seen in the S-IR preparations.
However, IDeg showed a more than 6-fold increased 1Cso compared to the experiments using

S-IR preparations (Study 1, Table 1). A potential explanation for the lower affinity of IDeg in
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M-IR preparations is the complex environment of phospholipids and other membrane
embedded proteins besides the IR. This could lead to interaction between the fatty acid
attached to the B-chain of IDeg and the surrounding of the IR.

The heart requires a high amount of energy to maintain its contraction/relaxation cycle. It
consumes about 3.5 — 5 kg ATP per day, which is produced by the heart itself. [225]. The
heart relies on oxidative metabolism, reflected by a high mitochondria content which accounts
for up to 30 % of the cardiac cell volume [226]. In the fasting state, most of the energy is
produced via B-oxidation of long-chain fatty acids (LCFA) [227] and only one fifth of the
energy is produced by glucose oxidation [108]. However, in postprandial conditions with high
insulin level, glucose becomes the favoured substrate for hearts energy production [108]. This
effect is partly dependent on glucose uptake via GLUT4 translocation triggered by insulin
signalling [228]. As depicted in Figure 2 the central molecule for insulins metabolic effects is
Akt [110]. Thus, it is important for insulin analogues to exhibit a comparable Akt activation
as it is observed with Ins. In this study Akt phosphorylation kinetics of 1Gla, IGlaM1 and
IDeg in comparison to Ins in vitro in different cardiomyocyte cell models was compared.
Stimulation of freshly isolated adult rat ventricular myocytes (ARVM) with 100 nM of the
various insulins showed no difference between IGla, IGlaM1, IDeg and Ins on both
phosphorylation sites of Akt (Thr’® and Ser*”) (Study 1, Figure 2A and Supplementary
Figure 3A). Interestingly, a slower Akt activation with IDeg was observed, compared to the
other insulins when HL-1 cardiomyocytes were treated with 200 nM of the respective insulins
(Study 1, Figure 1B-D and Supplementary Figure 2). While IDeg showed significantly lower
Akt activation after 5- and 10 min stimulation compared to Ins, IGla and IGlaM1 was
comparable to Ins. Only after 60 min IDeg reached a comparable level of Akt activation to Ins
and IGlaM1. However, it was still significantly lower compared to 1Gla. The slower Akt
kinetics observed by IDeg can be explained by the lower binding affinity which is described
above. The slightly higher Akt activation by IGla can be explained by its higher IGF-1R
affinity, as described in chapter 1.3.3. Accordingly, the full activation of Akt by all insulin
analogues after 60 min in HL-1 cells led to comparable glucose uptake in these cells. The
glucose uptake was between 1.46-to 1.58-fold increased with the insulins used (Study 1,
Figure 5). The rather mild effects of insulin in inducing glucose uptake can be explained by
high expression levels of GLUT1 compared to relatively low expression levels of GLUT4 in
HL-1 cells [229]. Since GLUT1 is insulin-independent and accounts for glucose uptake under

basal conditions, GLUT4 responds to insulin stimulation [230]. Thus, an already high glucose
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uptake in basal conditions can be expected and the fold-increase after insulin stimulation

cannot be as strong as observed in other cells [231].

Another common effect of insulin in several tissues, and highly important in the heart, is the
inhibition of apoptosis by insulin. The ability of insulin to reduce damage inflicted by
ischemia followed by reperfusion (IRI) was shown in several in vivo and in vitro studies [232-
235]. Damage due to IRI is triggered by the production of reactive oxygen species (ROS)
after supply with oxygen is restored [236]. Overproduction of ROS leads to mitochondrial
damage and release of several pro-apoptotic molecules (e.g. Cytochrome-c (Cyt-c)) [237].
Mitochondrial membrane integrity relies largely on the anti-apoptotic proteins of the BCL-2
protein family, BCL-2 and BCL-xL [238]. BCL-xL prevents translocation of the
pro-apoptotic molecule BCL-2-associated X-protein (BAX) to the mitochondrial membrane
and thereby preventing BAXs activation [239]. The pro-apoptotic BCL-xL/BCL-2 associated
death promoter (BAD) binds BCL-xL preventing binding of BAX by BCL-xL and thus
promoting apoptosis [240]. Released Cyt-c is able to bind to apoptotic protease activating
factor-1 (APAF-1) and dATP to form the so called apoptosome [241], which activates the
initiator caspase-9. Caspase-9 will then activate the effector caspase-3 and -7 initiating
apoptotic proteolysis [242]. The underlying mechanism of Akt’s protective effect is the ability
to phosphorylate BAD [240] at AA position Ser'*® [243] and thereby inactivating BAD. In
our experimental setup we used H,O, to mimic ROS overproduction and to induce apoptosis.
H,0, is commonly used as exogenous ROS and it was shown in cardiomyocytes to induce
BAD/BAX translocation and subsequently caspase-3 activation [244]. Accordingly to the
similar Akt activation under steady-state conditions no difference with the insulin analogues
compared to Ins in the conditions used (100 nM of the respective insulin, 2 h incubation with

Ins and 800 uM H,0,) was observed (Study 1, Figure 6).

For analysis of the heart-specific effects of insulin, the ability to induce positive inotropic
effects on ARVM and the beating-rate of commercially available human derived induced
pluripotent stem cells (Cor.4U®) was observed. Differences in cardiomyocyte contractility
are facilitated by differential calcium cycling, a process called excitation-contraction
coupling. Depolarisation of the cardiomyocyte membrane leads to Ca® influx via L-type
Ca*"-channels. Increased cytoplasmic Ca”" concentration activate ryanodine receptors located
on the sarcoplasmic reticulum enhancing Ca®" influx. Ca*" mediates increased contractility by
binding to contractile proteins. Relaxation of the cardiomyocyte is enabled by reuptake of

cytoplasmic Ca”" into the sarcoplasmic reticulum via the sarcoplasmic/endoplasmic reticulum
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calcium ATPase (SERCA). Fast reuptake of Ca’" into the sarcoplasmic reticulum enables
stronger contractility in the next excitation-contraction coupling cycle. Both, influx and
reuptake are regulated by Akt activity [110]. Decreased Akt activity was shown to reduce
SERCA activity and phospholamban (PLN) phosphorylation [245], whereas cardiac
overexpression of Akt enhanced Ca®" influx and reuptake [246, 247]. In this study comparable
effects of both, IGla and IDeg compared to Ins in regard to increased contractility parameter.
Sarcomeric shortening, return- and departure velocity in ARVM as well as beating-rate was
significantly increased with each of the used insulins (Study 2, Figure 2 and Figure 4). In the
Cor4U® cells a slightly slower kinetics was observed in IDeg treated cells to reach its
maximal beating-rate (20 min with IDeg vs. 10 min with 1Gla, IGlaM1 and Ins) (Study 2,
Figure 4). An explanation for this observation is the lower binding affinity of IDeg, as
described previously. Additionally, the role of Akt in the increase in contractility in paced
ARVMs was demonstrated. After inhibition of insulin signalling via the specific Akt inhibitor
Triciribine the positive inotropic effect was completely abrogated in all tested conditions
(Study 1, Figure 3) without influence on the cells viability (Study 1, Supplementary Figure 3),
which is in line with the aforementioned observations by others that myocardial Akt plays a

pivotal role in this process [245, 247, 248].

Summarising, no difference between the long-acting insulin analogues 1Gla and IDeg were
observed in in vitro models of functional cardiac assays. The only exception is the lower
binding affinity of IDeg towards the receptor, compared to IGlaM1 and Ins and accordingly
slower Akt phosphorylation kinetics in HL-1 cells.

3.1.1 Effects of Lower Insulin Analogue Concentrations on Insulin and Apoptosis

Signalling in Cardiomyocytes

Since no differences with supra-physiological level of 1Gla, IGlaM1 and IDeg compared to
Ins was observed, we wanted to analyse if lower insulin concentrations show a difference
between the analogues. We chose to analyse the anti-apoptotic effect of the analogues in
H9c2-E2 cells with 1 nM instead of 100 nM of the respective insulins, which is closer to
physiological level of the analogues (Serum level of IGla: ~50 — 200 pM [165, 249-251];
serum level of IDeg: ~3.000—-4.000 pM [252-254]). Furthermore, we used the IR
overexpressing cell line H9¢c2-E2 generated in our lab [255], since we wanted to analyse
apoptosis signalling via Western blot and regular cells are not as sensitive to low

concentrations of insulin [256, 257].
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First the insulin and apoptosis signalling were analysed by Western blot analysis in a

time-course up to 2 h (Fig. 5). Analysis of pAkt(Ser*”

) revealed significant activation of Akt
with all insulins used. However, IDeg showed a 2.12-fold activity compared to basal, whereas
Ins and IGlaM1 showed nearly twice the values compared to basal (3.52- and 3.39-fold,
respectively) after 10 min incubation. Subsequently, the phosphorylation decreases with
significant values ranging between 1.75- and 1.46-fold compared to basal after 60 min and are
nearly back to basal Akt phosphorylation after 120 min (Fig. 5A). The lower Akt
phosphorylation values for IDeg at the 10 minute time-point could be a reflection of the lower
binding affinity of IDeg towards the insulin receptor [258], as well as the lower
concentrations used. These values are reflected in significant phosphorylation of Bad with all
treatments. Surprisingly, these values are in a very similar range with values between
1.81-fold for Ins, 1.69-fold for IGlaM1 and 1.51-fold for IDeg (Fig. 5B). However, no
difference between basal conditions and treatment with insulin or analogues can be observed
at the 60 min and 120 min time-points. The rapid decline in insulin signalling with low
concentrations of long-acting insulin analogues could be due to the IR overexpression. The

higher the IR levels of a cell are, the more rapid is the degradation of insulin — and therefore

insulin analogues — since the degradation is dependent on IR internalisation [259].
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Figure 5: Akt and Bad signalling of low long-acting insulin analogues concentrations.

H9c2 cardiomyocytes overexpressing the human insulin receptor (H9c2-E2 cells) were treated for the
indicated time-points with 1 nM of insulin and insulin analogues to evaluate the cardio protective
effects of insulin and its analogues. Caspase 3/7 activity was measured using the Promega Caspase
3/7 Glo Assay. (A) Phosphorylation of Akt(Ser*”?) and (B) Bad(Ser'*®) was assessed by Western blot
analysis. Data are normalised to tubulin levels. Representative blots are shown. Data represent mean
values = SEM, n = 4-7, *p<0.05 vs. basal. Regular insulin (Ins), active metabolite of insulin glargine

(IGlaM1), insulin degludec (IDeg).

In line with the signalling data, no difference in caspase 3/7 activation between H,O,
treatment alone and H,O, treatment together with 1 nM of the indicated insulin was observed.

The caspase 3/7 activity of the cells treated for 2 h with 800 uM H,O, alone are 2.78-fold
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increased, and is non-significantly reduced in the treatment conditions with H,O, and Ins,
IGla and IDeg (2.31-fold; 2.30-fold and 2.42-fold, respectively) (Fig. 6). Therefore, we
conclude that even with nearly physiological insulin level no difference between the insulin

analogues exists, at least in regard to apoptotic signalling.
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Figure 6: Anti-apoptotic potency of low doses of long-acting insulin analogues in the presence of
HzOz.

H9c2 cardiomyocytes overexpressing the human insulin receptor (H9c2-E2 cells) were treated for
2 hours with 1 nM of insulin and insulin analogues in the presence or absence of 800 uM H,O, to
evaluate the cardio protective effects of insulin and its analogues. Caspase 3/7 activity was measured
using the Promega Caspase 3/7 Glo Assay. Each condition was performed in quadruplicates. Data
represent mean values £ SEM, n=6, *p<0.05 vs. basal. Regular insulin (Ins), active metabolite of
insulin glargine (IGlaM1), insulin degludec (IDeg).

3.1.2 Limitations of Study 1

The underlying mechanism for the substrate specificity switch described by Randle et al.
[227] is a complex interaction between LCFA utilisation and glucose utilisation. Briefly, with
low blood glucose level available LCFA are transported into the cell via fatty acid transporter
(FAT)/CD36 and used in mitochondria via B-oxidation to generate energy. During -oxidation
Acetyl-CoA and NADH accumulate, leading to inhibition of pyruvate dehydrogenase.
Furthermore, f-oxidation leads to accumulation of citrate in the cytosol, which in turn inhibits
glucose uptake and 6-phosphofructo-2-kinase (PFK1). These inhibitory mechanisms cause
rerouting of pyruvate to gluconeogenesis and glucose-6-phosphate to glycogen synthesis

[260]. In turn, as soon as blood glucose level and insulin concentrations rise and thereby
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increased glucose uptake via insulin-dependent GLUT4 occurs, glucose oxidation increases.
Increase in glucose utilisation leads to increased malonyl-CoA concentration in the
cytoplasm. Malonyl-CoA in turn inhibits transport of LCFA into the mitochondria and
thereby inhibiting B-oxidation [260]. The substrate utilisation is highly regulated in healthy
conditions. However, during diabetes reliance on fatty acid metabolism is increased due to
inability of regular glucose uptake [261]. In later stages of diabetes availability of LCFA
exceeds the utilisation leading to lipid accumulation in the cardiomyocyte. This accumulation
increases intracellular ceramide levels which can induce apoptosis and ROS formation [262],
thus called lipotoxicity [263]. Furthermore, chronic hyperglycaemia desensitises the heart for
insulin signalling , as is well known for other tissues and chronic hyperglycaemia leads to
generation of ROS [264]. ROS formation above a certain threshold affects mitochondrial
function, Ca®* homeostasis and induces apoptosis [265-267]. This situation is therefore named
glucotoxycity. Since we did not observe significant differences between 1Gla and IDeg in
regard of metabolic and functional readouts in healthy cardiomyocytes it would be interesting
to compare the effects of both analogues either in vitro with cardiomyocytes from diabetic

db/db

model animals, or in in vivo models of diabetes such as the mouse or Zucker Diabetic

Fatty (ZDF) rats.

3.1.3 Outlook of Study 1

The data have shown that there is no difference between the long-acting insulin analogues
IGla and IDeg in vitro in regard to signalling and endpoint experiments under
steady-state-conditions. This was observed using supraphysiological levels as well as nearly
physiological levels of the respective insulins. However, it is unclear how these data translate
into the clinical setting and lack of evidence cannot be described as evidence of lack. There
might be differences being observable with other experimental approaches. However, another
evidence for the safety of IDeg in regard to the cardiovascular system is the fact that the FDA
approved IDeg in September 2015 after interim results of the requested CV trial (DEVOTE)
were presented to the committee [268]. It will be interesting to see these results once they are
published. Nonetheless, the case of IDeg showed the importance of CV data in the approval
process of new insulin drugs. Pre-clinical in vitro studies could prove first insights into the
CV effects of newly developed insulin analogues and should be considered as standard test in

in vitro testing by the companies.
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3.2 Preclinical Testing of the Novel Insulin Analogue HM12470

3.2.1 LAPSCOVERY™ Technology

LAPSCOVERY™ is a technology platform developed by Hanmi Pharmaceuticals and is an
acronym for Long Acting Protein/Peptide Discovery Platform Technology. With this
technology Hanmi Pharmaceuticals is able to develop biopharmaceuticals with extended
half-life. [269]. Unmodified peptides or proteins often show unsatisfying PK properties, due
to renal clearance or degradation by peptidases [270]. GLP-1 for example is a native peptide
with a short half-life (1-2 minutes), due to rapid degradation by DPP-4 [270]. Hanmi
Pharmaceuticals was able to increase the serum half-life with the LAPSCOVERY™
technology of their GLP-1 analogue CA-Exendin-4 up to 180 h [271]. The LAPSCOVERY™
technology consists of a biological, such as CA-Exendin-4 or Insulin 115 [272], coupled to an
aglycosylated, human immunoglobulin G4 (Fc-)fragment via a short PEG-linker [269, 273,
274]. This composition greatly enhances the serum half-life of the coupled drug by reducing
vascular endothelial clearance due to neonatal Fc-receptor (FcRn) recycling [275] and renal
clearance due to a hydrodynamic size above the renal threshold [276]. Site specific coupling
of the active compound to the Fc-fragment via the PEG-linker enables the specific design of

drugs while minimising stereological hindrance at the receptor site at the same time [273].

3.2.2 Pre-Clinical Testing of HM12470

In drug development it is of utmost importance to generate comprehensive data with both,
in vitro/in vivo (pre-clinical) studies and clinical studies. This is underlined by the FDAs as
well as the European Medical Agency (EMA) demand of preclinical data of novel
anti-diabetic drugs [277, 278]. The FDA specifically states that certain in vitro tests, such as
insulin signalling, mitogenesis, receptor affinities, dissociation from the receptor and IR
autophosphorylation are useful tools in development of novel insulin analogues [277].
Therefore, in collaboration with Hanmi Pharmaceuticals we conducted preclinical in vitro and
in vivo testing of the novel insulin analogue HM12470, also known as SAR440067 or
LAPSTnsulin 115. As recommended by the FDA we analysed PK/PD properties of HM 12470,
as well as IR autophosphorylation, insulin signalling, receptor interaction and metabolic and

mitogenic action of the compound.

Since long-acting insulin analogues are designed to mimic basal endogenous insulin secretion,
it is important to develop an analogue which exhibits a peakless PK profile without a

pronounced peak-to-trough ratio. While IDeg and 1Gla are close to a peakless profile, they are
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not completely peakless [279, 280]. For HM 12470 the daily peak-to-trough ratio is predicted
to be ~1.1 and a weekly ratio is predicted to be 1.6 under steady-state conditions [281]. The
weekly injection frequency would be highly favourable for diabetic patients requiring insulin
therapy, especially if it is able to demonstrate less frequent hypoglycaemic episodes [282,
283]. PK experiments demonstrate a serum half-life of 44.1 h for HM 12470 in rats, which is
more than 15 times longer compared to IDeg (2.9 h) after a single subcutaneous injection.

Additionally, a single subcutaneous injection in %

mice demonstrates the ability to normalise
FBG values for up to 7 days and the ability to lower HbAlc values (Study 2, Fig. 1).
Interestingly, the undisclosed modification of Insulin 115 exhibits a beneficial effect beyond
the coupling of the insulin molecule to the Fc-fragment. This is demonstrated in a 2.4-fold

extended serum half-life compared to “*"

Insulin (Ins coupled to the Fc-fragment) (18.5 h),
more than twice the duration to regulate FBG and a 4-fold lower concentration of HM 12470
needed to significantly reduce HbAlc, compared to “*™Insulin (Study 2, Fig. 1). The
increased half-life could be explained by in vitro data, showing significantly increased
stability of the insulin analogue Insulin 115 (Ins 115) compared to Ins, as well as increased
stability of HM12470 compared to ““**Insulin in the presence of HepG2 cells for up to 48h
(4.3-fold and 1.2-fold, respectively) [284]. Similar results could be shown in human serum
samples, where Ins 115 shows ~7.4-fold increased stability compared to Ins, and HM 12470

LAPS

has a 1.4-fold increased stability compared to Insulin after 8 days of incubation [284].

Since the receptor interaction of HM12470 plays a pivotal role in generating the insulin
signalling as well as mitogenic effects, we analysed the binding affinity of HM 12470 towards
the IR and IGF-1R as well as IR dissociation and autophosphorylation of the IR. HM12470
exhibits a nearly 60-fold lower binding affinity compared to Ins towards the IR which is due
to the Fc-fusion, since Ins 115 does not show a remarkably reduced IR affinity (Study 2,
Fig. 3a). Analysing the IGF-1R affinity of HM12470 did show results below the detection
limit (Study 2, Fig. 3a). This leads to a lower mitogenic potency of HM12470 in Saos-2 and
MCEF-7 cells as well as in human coronary artery smooth muscle cells (HCASMC) even with
very high insulin analogue concentrations (Study 2, Fig. 4). Both results are very important in
clinical safety of insulin analogues, since increased mitogenicity can lead to development of
cancer [285] and in case of the HCASMC proliferation of those is the indicator for

development of atherosclerosis, a common co-morbidity in diabetic patients [286].

Since insulin is produced in the B-cells of the pancreas and the pancreas releases its hormones

into the portal vein, leading directly towards the liver, the concentration of insulin in this
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tissue is approximately 2-fold higher compared to tissues in the periphery due to IR-mediated
clearance in the liver [287, 288]. Due to the peripheral application of exogenous insulin the
concentration in peripheral tissue is higher than the concentration of endogenous insulin
would be, since the exogenous insulin is not cleared by the liver first. This leads to equal
insulin concentrations in the periphery and liver, leading to relative peripheral
hyperinsulinemia [289, 290]. BIL was the only clinically advanced insulin analogue
demonstrating a hepatopreferential action after subcutaneous injection [181]. However, as
stated in paragraph 1.3.3 the undesired side-effects on liver enzymes led to its discontinuation.
To analyse if HM 12470 shows hepatopreferential activity we investigated endothelial transfer
rates compared to Ins in an in vitro permeability assay using human coronary endothelial cells
(HCAEC), which do not show a wide fenestration as seen in liver endothelial cells. Even
though HM 12470 has a size of 59 kDa, it was able to pass the endothelial monolayer showing
significantly reduced transendothelial transport (TET) at 4h and 8 h compared to Ins
(Study 2, Fig. 2a). After 24 h no difference between both treatments could be observed, which
could potentially be explained by lack of insulin receptor downregulation (Study 2, Fig. 2a &
Supplemental Fig. 1c-d), since TET is (partly) dependent on the IR for trafficking through the
cell [291-293]. Furthermore, we analysed the insulin signalling pathway in insulins major
target tissues (liver, skeletal muscle and adipose tissue) after single subcutaneous injection of
60 nmol/kg BW in wildtype Male Wistar rats at two different time points (8 h and 24 h). The
results show activation of the insulin signalling in all tissues after 24 h on both IR
phosphorylation, as well as Akt phosphorylation (Study 2; Fig. 2d-g). Interestingly, liver and
muscle already show significantly increased IR phosphorylation after 8 h, while the IR in
adipose tissue is not phosphorylated at this time-point. On Akt level, the liver shows a clear
trend towards activation in the HM 12470 treated animals after 8 h (p<0.06) while both other
tissues do not show an effect at this time point (Study 2, Fig. 2f-g). Therefore, it can be
assumed that HM 12470 does not show hepatopreferential action, but induces signalling in all

classical major target tissues.

The metabolic in vitro potency, determined by glucose uptake in differentiated human skeletal
muscle cells (HSKMC) of HM 12470 was found to be ~4-fold lower compared to Ins (Study 2,
Fig. 5d), which is in line with published data about other insulin analogues [136]. When the
cells were treated under acute conditions (10 min) with equimolar concentrations, HM 12470
showed significantly less glucose uptake compared to Ins. However, under chronic conditions
(24 h) no difference was found (Study 2, Fig. Se). Interestingly, the insulin response declined
to the level of glucose uptake by cells treated with HM 12470 under chronic conditions. The
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reason for this was found to be significantly less IR downregulation after chronic treatment
with HM12470 compared to Ins and Ins 115, even with high concentrations of HM12470
(Study 2, Fig. 5f-g). This effect was investigated in further detail by establishing an in vitro
model with chronic exposure of HCSMC, where the cells were treated with 100 nM of Ins,
Ins 115, HM12470 or AspB10 for up to 2 days. It could be demonstrated that even after 2
days of exposure to the various insulins, HM12470 does not show receptor downregulation,
compared to all other insulins (Study 2, Fig. 6a-b). Even in a model of chronic treatment (5
days) followed by a recovery phase (up to 2 days) with high insulin concentrations (500 nM)
HM12470 shows recovery of IR level, whereas cells treated with Ins do not recover their IR
level (Study 2, Fig. 6g). This leads to recovered insulin signalling in cells treated with
HM12470 (Study 2, Fig. 6e). In monocyte samples prepared from human blood the
investigators found similar results under chronic hyperinsulinemia due to overeating and
obesity [294-297] and recovery, which needs up to several weeks, when insulin levels return
back to normal level [295]. In the experiments with the chronic exposure/recovery model it
was shown that the IR mRNA expression level are not elevated in both conditions (Study 2,
Fig. 6h) leading to the assumption of another mechanism responsible for the lower IR
downregulation in cells treated with HM12470. For the GLP-1R agonist created using the
LAPSCOVERY™ technology, efpeglenatide (“**CA-exendin-4) it was shown that rapid
dissociation leads to less receptor internalisation and therefore to high efficacy even with low
receptor affinity [298, 299]. However, with HM12470 a difference in the dissociation rate
compared to Ins was not observed (Study 2, Fig. 2¢), which contradicts this hypothesis.
Therefore, it would be interesting to further investigate the mechanism behind the faster IR

recovery with HM 12470 in studies investigating IR internalisation.

Nonetheless, taken together the results of this study provide a comprehensive characterisation
of the novel insulin analogue HM 12470 with interesting properties. This drug could provide
the first weekly insulin analogue if it demonstrates to be safe in long-term clinical studies.
Furthermore, the lower impact of HM12470 on the IR internalisation could provide this

analogue with a high efficacy, similar to efpeglenatide.

3.2.3 Potential Role of FcRn in HM12470 Kinetics and Recycling

An important factor for Fc-fusion proteins not analysed in this study is the interaction
between FcRn and the Fc-fragment of these fusion proteins or IgG. FcRn is a heterodimeric
protein consisting of one MHC-class-1-like heavy chain and a non-covalently linked »-

microglobulin (B,m) light chain. Even though the heavy chain with its three extracellular
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domains, a transmembrane domain and a short cytoplasmic tail [300-302] shares high
sequence homology with MHC-1 molecules, it is unable to present antigens due to a
concealed peptide-binding groove [300, 301]. Instead of antigen presentation the role of FcRn
is the recycling of IgG and albumin. FcRn transports internalised IgG and albumin back to the
cells surface [275, 303] and thereby extending the serum half-life of both proteins
tremendously. In FcRn knockout-mice the serum half-life of IgG is more than 6-fold reduced
[304] and a mutation in the bym gene observed in two human individuals leads to
hypercatabolism of IgG [305, 306]. The binding of IgG to FcRn only happens under acidic
conditions which are found in (sorting) endosomes. Under physiological conditions found in
blood or interstitial fluid, the bound cargo is released by FcRn. The binding of IgG occurs via
the Fc-fragment, and thus Fc-fusion proteins are recycled by FcRn too (for overview see
Figure 7) [307-310]. As stated above, this process is one reason for the long serum half-life of
HM12470. One well known process facilitated by FcRn is the transport of IgG from the
mothers’ side of the syncytiotrophoblasts to the foetus’ side, ensuring passive immunity of the
foetus [275]. This process implies that HM 12470 could be transported from a diabetic mother
to the foetus as well, with unknown risks for the foetus. Beside the placenta FcRn is expressed
in a variety of tissues and cell types, such as vascular endothelium, lungs or intestines [275].
The vascular endothelium is the main site to protect Fc-fusion proteins from catabolism [311].
In experiments with human placental endothelial cells it was found that both, exocytosis back
into the blood as well as transcytosis of IgG through the endothelial cells occurs [312].
FcRn-mediated transcytosis of HM12470 is a possible explanation for the observation that
HM 12470 undergoes TET in a similar rate as Ins despite having a much lower binding
affinity towards the IR, which usually facilitates insulin transcytosis [313]. Therefore, it
would be interesting to repeat the TET experiments with FcRn knockout endothelial cells to
see if the TET kinetics change, confirming this hypothesis. Another interesting observation is
FcRn-expression in the upper airways epithelium of humans [314]. In in vivo tests with
monkeys, Bitonti et al. were able to demonstrate that an Fc-erythropoietin fusion protein
(Fc-epo) was efficiently absorbed after inhalation [315]. These results could be confirmed in a
human phase I clinical trial [316]. The role of FcRn in this process was demonstrated in the
in vivo study using a mutated Fc-form which exhibits a much lower binding affinity towards
the FcRn. Application of this mutated Fc-epo showed significantly poorer absorption
compared to the native Fc-epo [315]. This application form could therefore provide a
non-invasive route of administration for HM12470. However, to test the safety and efficacy

of this administration several in vivo experiments as well as early clinical phase studies would
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be needed. Nonetheless, since FcRn plays a major role in the catabolism of HM 12470, further
experiments evaluating the role of FcRn-HM12470-interaction, especially in regard to TET,
should be conducted.

Endothelial cell é

apical

basolateral

“ = HM12470 = FcRn

0

Figure 7: Schematic overview of putative interaction of HM12470 with the FcRn.

When HM 12470 undergoes endocytoses either through pinocytosis or potential receptor mediated
mechanisms (1) the endocytotic vesicle fuses with endosomes (2) resulting in acidification of the
vesicle. The acidic milieu enables binding of the Fc-fragment to the FcRn, which only occurs at pH <
6.5 (3). From there on are two potential pathways which can either lead to exocytosis back into the
blood stream (4) or to transport into the interstitial fluid (5). In both cases the binding affinity rapidly
decreases due to neutral pH-values leading to release of HM12470 from the FcRn. FcRn = neonatal
Fc-receptor. Adapted from [275].

3.2.4 Is a Weekly Insulin Analogue Useful in Clinical Practice?

To date there are no published data of clinical studies with potential weekly insulin analogues.
Therefore, no experience with accumulation of those ultra-long-acting insulin analogues is

available and clinicians may question the risk of hypoglycaemia due to potential insulin
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accumulation after initiating insulin therapy with these analogues. Heise and Meneghini [317]
discussed the difference between the so called insulin stacking and therapeutic accumulation
[317]. They state that accumulation is usually discussed in the context of rapid-acting insulin
analogues and that undesired accumulation is often observed after injection of correctional
bolus insulin while previous injections still show insulin effects, increasing the risk of
hypoglycaemia [317]. In contrast to rapid-acting insulin analogues, the accumulation of
(ultra-)long-acting insulin analogues until steady-state conditions are reached, however, is a
desired effect of this class of insulins [317]. At steady-state condition the clearance of the
insulin analogue and amount of injected insulin reach equilibrium. That implies that no
further accumulation of insulin is possible, as long as the injected dose is not increased. In
Figure 8 theoretical serum insulin concentrations are calculated based on the assumption of
injection of 10 U of the respective analogue and daily injection of 1Gla, IDeg and BIL and
weekly injection of HM12470. In Figure 8 maximum serum level after the respective
injection are shown considering different serum half-lives and disregarding inter-patient
variability at the same time [317, 318]. Half-lives chosen for the calculation are 12 h (IGla)
[173], 25h (IDeg) [173], 72 h (BIL) [180] and 132 h (HM12470) [220]. The prediction
reveals that the higher the half-life and the higher the injection frequency, the higher the
accumulated serum insulin concentrations under steady-state conditions. Furthermore, it will
take longer for an analogue with a longer serum half-life to reach steady-state levels. Steady-
state conditions with IGla are achieved after ~5 days, whereas IDeg needs twice as long and
with BIL a steady-state is achieved after ~28 days. However, if the injection frequency is only
once per week, as it would be desirable for HM 12470 in combination with the very long half-
life of HM 12470, steady-state conditions would be achieved after 4-5 weeks with serum
insulin level in the range between IGla (13.3 U) and IDeg (20.5 U) (Fig. 8). Additionally,
results from clinical studies with the long-acting insulin analogues 1Gla, IDet, IDeg and BIL
do not provide a reason for concern since all showed less or comparable hypoglycaemic
events compared to NPH (IGla, IDet) [319, 320] or IGla (IDeg, BIL) [182, 321-323]. Thus,
there is no evidence at the moment supporting undesired insulin accumulation or

unintentional overdose with weekly insulin analogues.

82



Discussion

— -+ |Deg
[7:)
£ 40- -+ BIL
= - HM12470
£ 30+
=
w
E 20+ | om on an m au o o
= . ~y v ¥
= a0
s 104
w

0 L] L] L} 1 ; 1

2 ] 4 7 8

time (weeks)

Figure 8: Theoretical insulin accumulation based on (predicted) serum half-life of different
insulin analogues in humans.

Stacking of serum insulin is calculated based on daily (IGlar, IDeg, BIL) or weekly (HM12470)
injection of 10 U of the respective analogue considering the different serum half-life of each analogue.
The different serum half-lives are as followed: IGlar = ~12 h; IDeg = ~25h; BIL = ~72h and
prediction for HM 12470 = ~132 h. The presented graphs are theoretically calculated maximum serum
levels and disregard inter-patient variability. IGla = insulin glargine, IDeg = insulin degludec, BIL =
basal insulin PEGlispro. Adapted from [318].

Nonetheless, a serious problem could arise due to intentional overdose with HM12470.
Literature regarding overdose with long-acting insulin analogues is scarce but some case
reports are published reporting overdose with 1Gla [324-326] and IDet [327]. For IDeg no
study reporting overdose is published yet. Management of insulin overdose is usually by
carbohydrate supplementation either intravenous or oral [327-329]. However, the longer the
half-life and thereby the effect of the insulin the longer the hypoglycaemic period will last and
the longer hospitalisation is needed. A severe overdose with HM 12470 with its predicted half-
life of ~132 h could present a problem for the clinicians. Besides a prolonged period of
carbohydrate load, surgical excision of the injection site could reduce the maximum efficacy
[329, 330]. Other approaches to shorten the half-life could be the washout of HM12470. Due
to the interaction of Fc-coupled proteins with the FcRn blocking this receptor leads to
catabolism of circulating HM12470. To date three ways to increase catabolism of Fc-coupled
proteins exist. One way is intravenous overload with Fc-fragments or IgG, which will
compete for binding to the FcRn and thereby leading to saturation of the recycling process
and increased catabolism [331-333]. Two other approaches are blocking of the interaction of
HM 12740 and the FcRn with either antibodies against the FcRn [334-336] or administration

of recombinant Fc-fragments with increased binding affinity towards the FcRn (so called
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“Abdegs™) [337]. Both strategies would prevent binding HM 12470 to the FcRn and thereby

inhibit its recycling, leading to increased excretion and catabolism.

3.2.5 Outlook of Study 2

The pre-clinical in vitro and in vivo studies presented show very interesting and promising
results for the potential once-weekly basal insulin analogue HM 12470, if safety can be shown
in clinical studies. Especially the reduced receptor downregulation could provide the molecule
with unique and beneficial features. However, the role of FcRn in the interaction with
HM12470 could provide an interesting target for further scientific experiments. Furthermore,
it should be considered that prediction of PK/PD data based on animal studies could have
limited significance, since the biology of the FcRn in non-primates is different. The human
FcRn binds specifically to human, rabbit and guinea pig IgG, whereas mouse FcRn binds
promiscuous to a broad variety of IgG [338]. Even in transgenic mice expressing the human
FcRn, which are the best small animal model to study novel Fc-fusion proteins to date [304]
have limitations. As human FcRn does interact with endogenous mouse IgG, the serum level
of endogenous IgG are very low in this model and therefore do not represent conditions in
humans [275]. Nonetheless, a first in human clinical phase I study is currently conducted to
analyse safety, tolerability PK and PD of HM 12470 (NCT02302443). This study will answer

remaining questions and the outcome of this trial will be of high interest.
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