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Abstract

Aims/hypothesis This study compared the frequency of hypoglycaemia, time to hypoglycaemia and recovery from hypo-
glycaemia after double or triple doses of once-weekly insulin icodec vs once-daily insulin glargine U100. Furthermore, the
symptomatic and counterregulatory responses to hypoglycaemia were compared between icodec and glargine U100 treatment.
Methods In a randomised, single-centre (Department of Internal Medicine, Division of Endocrinology and Diabetology, Medical
University of Graz, Graz, Austria), open-label, two-period crossover trial, individuals with type 2 diabetes (age 18—72 years, BMI
18.5-37.9 kg/m?, HbA,|, <75 mmol/mol [<9.0%)]) treated with basal insulin with or without oral glucose-lowering drugs received
once-weekly icodec (for 6 weeks) and once-daily glargine U100 (for 11 days). Total weekly doses were equimolar based on individual
titration of daily glargine U100 during the run-in period (target fasting plasma glucose [PG]: 4.4—7.2 mmol/l). Randomisation was
carried out by assigning a randomisation number to each participant in ascending order, which encoded to one of two treatment
sequences via a randomisation list prepared prior to the start of the trial. At steady state, double and triple doses of icodec and glargine
U100 were administered followed by hypoglycaemia induction: first, euglycaemia was maintained at 5.5 mmol/l by variable i.v. infu-
sion of glucose; glucose infusion was then terminated, allowing PG to decrease to no less than 2.5 mmol/l (target PG, ;). The PG, 4.
was maintained for 15 min. Euglycaemia was restored by constant i.v. glucose (5.5 mg kg~ min~!). Hypoglycaemic symptoms score
(HSS), counterregulatory hormones, vital signs and cognitive function were assessed at predefined PG levels towards the PG, ;-
Results Hypoglycaemia induction was initiated in 43 and 42 participants after double dose of icodec and glargine U100, respectively, and
in 38 and 40 participants after triple doses, respectively. Clinically significant hypoglycaemia, defined as PG, ;. <3.0 mmol/l, occurred
in comparable proportions of individuals treated with icodec vs glargine U100 after double (17 [39.5%] vs 15 [35.7%]; p=0.63) and triple
(20 [52.6%] vs 28 [70.0%]; p=0.14) doses. No statistically significant treatment differences were observed in the time to decline from PG
values of 5.5 mmol/l to 3.0 mmol/l (2.9-4.5 h after double dose and 2.2-2.4 h after triple dose of the insulin products). The proportion of
participants with PG, ;. <2.5 mmol/l was comparable between treatments after double dose (2 [4.7%] for icodec vs 3 [7.1%] for glargine
U100; p=0.63) but higher for glargine U100 after triple dose (1 [2.6%] vs 10 [25.0%]; p=0.03). Recovery from hypoglycaemia by constant
1.v. glucose infusion took <30 min for all treatments. Analyses of the physiological response to hypoglycaemia only included data from
participants with PG, ,;, <3.0 mmol/l and/or the presence of hypoglycaemic symptoms; in total 20 (46.5%) and 19 (45.2%) individuals were
included after a double dose of icodec and glargine U100, respectively, and 20 (52.6%) and 29 (72.5%) individuals were included after a
triple dose of icodec and glargine U100, respectively. All counterregulatory hormones (glucagon, adrenaline [epinephrine], noradrenaline
[norepinephrine], cortisol and growth hormone) increased during hypoglycaemia induction with both insulin products at both doses. Fol-
lowing triple doses, the hormone response was greater with icodec vs glargine U100 for adrenaline at PG5 ;o1 (tteatment ratio 2.54 [95%
CI 1.69, 3.82]; p<0.001), and cortisol at PGj ) o1 (treatment ratio 1.64 [95% CI 1.13, 2.38]; p=0.01) and PG,y (treatment ratio 1.80
[95% CI 1.09, 2.97]; p=0.02). There were no statistically significant treatment differences in the HSS, vital signs and cognitive function.
Conclusions/interpretation Double or triple doses of once-weekly icodec lead to a similar risk of hypoglycaemia compared
with double or triple doses of once-daily glargine U100. During hypoglycaemia, comparable symptomatic and moderately
greater endocrine responses are elicited by icodec vs glargine U100.

Trial registration ClinicalTrials.gov NCT03945656.

Extended author information available on the last page of the article
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What is already known about this subject?

e Optimal glycaemic control in diabetes is limited by hypoglycaemia, which in turn is counteracted by intact
symptomatic and hormonal responses

e Insulin icodec is under development as a once-weekly basal insulin that may improve treatment acceptance
and adherence

e  With administration of 7 days’ worth of basal insulin per weekly dose, it is important to address potential
concerns about hypoglycaemia, especially in situations where there is a mismatch between required and
administered insulin dose. Furthermore, for any new insulin product, particularly those with novel
pharmacokinetic properties, it is highly relevant to assess the counterregulatory response to hypoglycaemia
induced by that insulin

What is the key question?

e Is hypoglycaemia frequency increased after double or triple doses of once-weekly icodec compared with
double or triple doses of once-daily insulin glargine U100 in individuals with type 2 diabetes, and are the
symptomatic and endocrine responses to hypoglycaemia induced by icodec as robust as those seen when
hypoglycaemia is induced by glargine U100?

What are the new findings?

e Clinically significant hypoglycaemia (plasma glucose <3.0 mmol/l) occurred in comparable proportions of
individuals administered icodec vs glargine U100 following double or triple doses

e Following hypoglycaemia induction, the hypoglycaemic symptoms score increased similarly for icodec and
glargine U100

e All counterregulatory hormones measured (glucagon, adrenaline [epinephrine], noradrenaline
[norepinephrine], cortisol and growth hormone) increased during hypoglycaemia induction independent of
insulin type or dose level, and adrenaline and cortisol increased to a greater extent with icodec vs glargine
U100 following a triple dose

How might this impact on clinical practice in the foreseeable future?

e |tis reassuring for safe use of the novel once-weekly icodec in clinical practice that the risk of
hypoglycaemia after double or triple doses is similar with icodec vs the widely used, once-daily glargine
U100, and that a hypoglycaemic episode induced by icodec is accompanied by symptomatic and
counterregulatory responses, at least as robust as those seen for glargine U100, to support restoration of
euglycaemia

Funding This study was funded by Novo Nordisk A/S.

Keywords Cognitive function - Counterregulation - Hypoglycaemia - Hypoglycaemia awareness - Hypoglycaemic
symptoms - Insulin glargine U100 - Insulin icodec - Once-weekly - Pharmacokinetics - Type 2 diabetes

Abbreviations 4CRT Four-choice reaction time

AE Adverse event DSST Digit symbol substitution test
AUC, AUC during one dosing interval HSS  Hypoglycaemic symptoms score
CGM Continuous glucose monitoring PG Plasma glucose

CLax  Maximum concentration TMB  Trail making B
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Introduction

Despite ongoing advances in diabetes therapy, hypogly-
caemia and the fear of hypoglycaemia are still consider-
able barriers for optimal glycaemic control in diabetes
[1-3]. Compared with the current daily basal insulin
treatments, once-weekly insulin could potentially relieve
therapeutic inertia and improve treatment adherence by
simplifying insulin therapy [4]. However, with weekly
insulin administration, it is necessary to address poten-
tial concerns about hypoglycaemia, particularly related
to unintentional mismatches between insulin requirement
and dose administered, for example in the case of a mis-
calculated dose.

In type 2 diabetes, longer duration of diabetes and
increased time since initiation of insulin therapy are both
associated with diminishing hypoglycaemia awareness
and blunted counterregulation [5, 6]. This may at least
partly explain why the risk of hypoglycaemia increases
with type 2 diabetes disease progression [7]. Novel
insulin products should not be associated with a further
deterioration of hypoglycaemia awareness and counter-
regulation. For any newly developed basal insulin, it is,
therefore, important to investigate whether hypoglycae-
mia induced by that insulin elicits a robust symptomatic
and counterregulatory response. It was previously shown
that once-daily basal insulin degludec and insulin glar-
gine U100 provided significant symptomatic, endocrine
and cognitive responses to induced hypoglycaemia [8].

Insulin icodec is a basal insulin that is being devel-
oped for once-weekly administration [9]. Following s.c.
injection, icodec is absorbed into the circulation, where
it binds strongly and reversibly to albumin creating an
essentially inactive depot from which icodec is slowly and
continuously released providing a half-life suitable for
once-weekly dosing [10]. Activation of insulin receptor-
mediated signalling by icodec and the subsequent meta-
bolic response is similar to that of native human insu-
lin [10]. Phase 2 trials have shown similar reductions in
HbA |, and fasting plasma glucose (PG), and comparable
rates of level 2 and level 3 hypoglycaemia, with once-
weekly icodec vs once-daily glargine U100 in type 2
diabetes [11-13]. Importantly, the duration of hypogly-
caemic episodes was similar for once-weekly icodec rela-
tive to once-daily glargine U100 (R. J. Silver, New York
Presbyterian-Brooklyn Methodist Hospital, NY, USA,
unpublished results).

As icodec is a novel basal insulin, the glucodynam-
ics, counterregulation and safety associated with hypo-
glycaemia require further characterisation. This trial
investigated hypoglycaemia frequency, time to hypogly-
caemia, recovery from hypoglycaemia and overall safety
after double or triple doses of once-weekly icodec vs

once-daily glargine U100 in type 2 diabetes. Furthermore,
symptomatic and hormonal counterregulatory responses
to hypoglycaemia were compared between icodec and
glargine U100 in a subgroup analysis that only included
individuals when they actually experienced hypoglycae-
mia after a double or triple dose of either insulin product.
To our knowledge, this is the first study to investigate the
symptomatic and endocrine responses to hypoglycaemia
induced by a basal insulin analogue in individuals with
type 2 diabetes.

Methods
Research design

This was a randomised, single-centre (Department of
Internal Medicine, Division of Endocrinology and Dia-
betology, Medical University of Graz, Graz, Austria),
open-label, two-period crossover trial (ClinicalTrials.gov
registration no. NCT03945656). The trial was conducted
to investigate hypoglycaemia frequency and the response
to hypoglycaemia following icodec and glargine U100
administration at double and triple dose levels. Hypo-
glycaemia frequency was assessed based on all partici-
pants, while the response to hypoglycaemia was assessed
in a subgroup analysis based on individuals who actually
experienced hypoglycaemia after a double or triple insulin
dose, i.e. those with a PG decline to <3.0 mmol/l and/or
the presence of hypoglycaemic symptoms.

The protocol was reviewed and approved by appropriate
health authorities according to local regulation, and by the
Independent Ethics Committee of the Medical University
of Graz. The trial was performed in accordance with the
Declaration of Helsinki and Good Clinical Practice. Prior
to any trial-related activities, participants provided written
informed consent.

Participants

Potential participants were recruited based on the site’s
database of individuals with type 2 diabetes, advertise-
ments in printed and electronic media including social
media reaching the broad Austrian population, and refer-
rals from general practitioners and specialists in internal
medicine.

Eligible participants were men or women aged 18-72
years, diagnosed with type 2 diabetes for >180 days before
screening, treated with basal insulin (total daily insulin
dose of 0.2-1.0 U/kg) with or without oral glucose-lower-
ing drugs (metformin, sulfonylureas, glinides, dipeptidyl
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peptidase-4 inhibitors and sodium—glucose cotransporter 2
inhibitors were allowed) >90 days before screening, with a
BMI of 18.5-37.9 kg/m?, HbA . <75 mmol/mol (£9.0%),
and supine blood pressure 90-159 mmHg (systolic) and
50-99 mmHg (diastolic). Individuals with recurrent severe
hypoglycaemia (>1 severe hypoglycaemic episode <180
days before screening), hypoglycaemia unawareness, or
previous or current cardiovascular disease, and those who
had been hospitalised for diabetic ketoacidosis <180 days
before screening, smokers and pregnant women were
excluded from participation. Sex and race were determined
by asking the participants.

Based on the eligibility criteria, the trial population
was a selection of the broad type 2 diabetes population,
i.e. being treated with basal insulin with or without oral
glucose-lowering drugs and with no clinically significant
diabetes complications and no history of cardiovascular
disease. The latter criterion was chosen due to the burden-
some nature of the trial owing to the induced hypoglycae-
mia element of the study. Thus, the participant selection
was balanced between including the target population of
basal insulin users and assuring an acceptable risk with
the trial intervention. The enrolled participants were con-
sidered representative of the target trial population with
respect to sex, age and race.

Procedures and assessments

The trial comprised a screening visit, an oral glucose-low-
ering drug washout period, a run-in period, two treatment
periods and a follow-up visit (Fig. 1a).

Washout period The oral glucose-lowering drug washout
period (>14 days) applied only to participants entering the
trial on oral glucose-lowering drugs other than metformin.
Metformin treatment continued throughout the trial at a sta-
ble dose.

Run-in period During the run-in period (3—49 days), partici-
pants received once-daily glargine U100 with or without any
usual metformin to determine the individual basal glargine
U100 dose titrated to a fasting self-measured PG target of
4.4-7.2 mmol/l. Randomisation was performed during the
run-in period when the mean of 3 consecutive days’ fasting
self-measured PG was within 4.4—7.2 mmol/l with stable
glargine U100 dose. Each participant was assigned a ran-
domisation number in ascending order at the clinical site,
which encoded the participant’s assignment to one of two
treatment sequences via a randomisation list prepared by the
sponsor (Novo Nordisk A/S).

@ Springer

Treatment periods During the two treatment periods, par-
ticipants received once-weekly icodec for 6 weeks or once-
daily glargine U100 for 11 days in randomised order. The
difference in treatment duration between icodec and glargine
U100 was due to the difference in dosing frequencies and,
hence, time to steady state, since hypoglycaemia induction
following double and triple doses was performed at steady
state. Treatment periods were separated by 35-49 days of
washout following icodec and 4—11 days of washout follow-
ing glargine U100. Icodec (4200 nmol/ml; Novo Nordisk,
Bagsvaerd, Denmark) was administered s.c. in the left thigh
at 20:00 hours by qualified site staff using a NovoPen 4 pen
injector (Novo Nordisk). A normal dose of once-weekly ico-
dec was defined as seven times the individual basal once-
daily glargine U100 dose established during run in; hence,
the total weekly dose was equal for both insulin products.
At the start of week 1, a one-time additional 100% icodec
dose was administered to accelerate time to steady state, fol-
lowed by a normal dose at week 2, a double dose at week 3
(prior to hypoglycaemia induction), no dose at week 4 (due
to the double dose given the week before), a normal dose
at week 5, and a triple dose at week 6 (prior to hypogly-
caemia induction). Insulin glargine U100 (100 U/ml [600
nmol/ml]; Sanofi, Paris, France) was administered s.c. in
the right thigh at 09:00 hours by qualified site staff using a
SoloStar pen injector (Sanofi). A normal dose of once-daily
glargine U100 was established during run in. Glargine U100
was administered at a normal dose for 3 days followed by a
double dose on day 4 (prior to hypoglycaemia induction), no
dose on day 5 (due to the double dose given the day before),
then a normal dose for 5 days, and a triple dose on day 11
(prior to hypoglycaemia induction).

Follow-up visit The follow-up visit occurred 39-45 days
after icodec and 4-10 days after glargine U100 treatment.

Hypoglycaemia induction experiments Hypoglycaemia
induction was carried out during weeks 3 (double dose) and
6 (triple dose) for icodec and on days 4 (double dose) and
11 (triple dose) for glargine U100 while at steady state. To
initiate hypoglycaemia induction, participants should not
have experienced hypoglycaemia (PG <3.9 mmol/l) within
24 h or have any relevant medical condition that could con-
found the outcomes or pose unacceptable risk to the par-
ticipant. Hypoglycaemia induction (Fig. 1b) was initiated
at 16:00 hours 2 days after double/triple icodec dosing (44
h post dose) and on the day of double/triple glargine U100
dosing (7 h post dose). These timings were selected since
they approximated the expected time of maximum glucose-
lowering effect for both insulin products based on pharma-
cokinetic/pharmacodynamic modelling performed prior to
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Fig. 1 (a) Overall trial design and (b) hypoglycaemia induction methodology

the trial. For 7.5 h prior to hypoglycaemia induction, PG
was kept at 5.5 mmol/l by variable i.v. infusion of glucose
(20% wt/vol) or human soluble insulin (100 U/ml in 99.6
ml saline [154 mmol/l NaCl]). PG was measured by a Super
GL2 Glucose Analyzer (Dr. Miiller Gerétebau, Freital,
Germany). Insulin infusion was terminated 60 min prior to
hypoglycaemia induction at the latest. PG was maintained
at 5.5 mmol/1+20% from 60 min to 30 min prior to hypo-
glycaemia induction and at 5.5 mmol/1+10% during the last
30 min prior to hypoglycaemia induction. Hypoglycaemia
induction was initiated by terminating glucose infusion,
thereby allowing PG to decline towards the minimum (nadir)
PG target level of no less than 2.5 mmol/l. The handling
of alternative scenarios, e.g. PG4, >2.5 mmol/l, slow PG
decline towards hypoglycaemia or slow recovery from hypo-
glycaemia, is described in electronic supplementary mate-
rial (ESM) Methods. The investigator recorded if the PG, 4;,
was <3.0 mmol/l or >3.0 mmol/l with hypoglycaemic symp-
toms. The PG, 4, level was maintained for 15 min by vari-
able i.v. glucose as needed. Subsequently, euglycaemia was
restored by constant i.v. glucose (5.5 mg kg™' min~') until

PG was 5.5 mmol/l, which was maintained until the next
morning (between 07:00 hours and 09:00 hours) by variable
i.v. glucose. During hypoglycaemia induction, participants
remained fasted (except for water ad libitum) and stayed
in a supine or semi-supine position (except when cognitive
tests were performed). Participants stayed at the clinical site
for at least 12 h following each hypoglycaemia induction
experiment. During this period, PG was monitored regularly,
as deemed necessary by the investigator, and minor intake
of rapidly absorbable carbohydrate was applied as needed
to prevent PG values falling below 4.4 mmol/l. Participants
were also advised to consume carbohydrate-rich meals and
snacks as needed during the period after discharge from the
clinical site to prevent hypoglycaemia.

Hypoglycaemic response assessments were conducted
at predefined PG levels during hypoglycaemia develop-
ment and recovery (Fig. 1b). Hypoglycaemic symptoms
score (HSS), hypoglycaemia awareness, counterregulatory
hormones, vital signs and cognitive function tests were
assessed at baseline (PGs 5 ;mo11), during hypoglycaemia
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development (PG; g nmo1 20d PG5 g nimoi) and at PG4,
In addition, counterregulatory hormones and vital signs
were assessed during recovery from hypoglycaemia at
PG3 6 mmolnis PG3.9 mmoin @nd PGs s moi-

HSS The validated Edinburgh Hypoglycaemia Scale was
used to determine hypoglycaemic symptoms, which were
classified into 11 different autonomic, neuroglycopenic and
non-specific symptoms of hypoglycaemia [14, 15]. The par-
ticipant scored each of the 11 symptoms on a seven-point
scale (1="‘not at all’, while 7=‘a great deal’). The total
score was derived as 11 multiplied by the mean score for
all symptoms.

Hypoglycaemia awareness Hypoglycaemia awareness was
determined by asking the question, ‘Do you feel hypo?’, to
the participant.

Counterregulatory hormones Plasma concentrations of
glucagon were measured by an enzyme-linked immuno-
sorbent assay (Mercodia AB, Uppsala, Sweden). Plasma
concentrations of adrenaline (epinephrine) and noradrena-
line (norepinephrine) were measured by liquid chroma-
tography-mass spectrometry (Thermo Fisher Scientific,
Dreieich, Germany). Serum concentrations of cortisol and
growth hormone were measured by electrochemiluminescent
immunoassays (Roche Diagnostics, Mannheim, Germany).

Vital signs Vital signs (diastolic blood pressure, systolic
blood pressure and pulse) were measured after >5 min of
rest in a supine position.

Cognitive tests Cognitive function was assessed using the
trail making B (TMB) test, the digit symbol substitution
test (DSST) and the four-choice reaction time (4CRT) test.
In the TMB test from the Halstead Reitan Neuropsycho-
logical Battery [16, 17], the participant connects 25 circles
distributed on a chart in the correct sequence as quickly
as possible. The circles contain a number (1-13) or a let-
ter (A—L), and the correct sequence consists of alternating
numbers and letters (i.e. 1-A-2-B-3 etc). The test result
is the time needed to complete the task correctly. In the
DSST, which is a subtest of the Wechsler Adult Intelligence
Scale - Revised [18], nine digits are represented by nine
different symbols. During 90 s, the participant is requested
to write down the appropriate symbol for as many numbers
as possible in a given array. The test result is the number
of correct responses. In the 4CRT test [19], a dot is ran-
domly displayed in one of four possible fields of a computer
screen. In 100 cycles, the participant responds by pressing
the corresponding position on a keypad. The test result has
two components: percentage of correct answers and the
mean response time.

@ Springer

Pharmacokinetics During the treatment periods, blood for
assessment of icodec and glargine pharmacokinetics was
sampled at predefined time points (ESM Tables 1 and 2)
aimed at determining the exposure after a normal dose at
steady state and after the double and triple doses. Serum ico-
dec was measured using a validated icodec-specific immu-
noassay. Serum glargine was measured using a validated
glargine-specific luminescent oxygen channelling immuno-
assay. Both assays were developed by Novo Nordisk.

Continuous glucose monitoring In addition to self-meas-
ured PG, which was performed throughout the trial, and
PG measurements performed at the clinical site, continuous
glucose monitoring (CGM) was conducted from the first
dose of the first treatment period until the end of the second
treatment period (Dexcom G6; Dexcom, San Diego, CA,
USA). CGM data were visible to the participants and the
investigators but were not used for titration of basal insulin
dose or for reporting hypoglycaemia.

Safety assessments Safety assessments during the
trial included adverse events (AEs), hypoglycaemic
episodes (other than those induced), vital signs (other
than those assessed during hypoglycaemia induction),
electrocardiograms, physical examinations and clinical
laboratory assessments (haematology, biochemistry and
urinalysis).

Endpoints and statistical analyses

Statistical analyses were conducted using SAS version 9.4
(SAS Institute, Cary, NC, USA). The significance level was
set to 5%. No multiplicity adjustment was performed. Unless
otherwise stated, the analyses included all randomised par-
ticipants receiving >1 dose of the trial product. In the sub-
group analysis to investigate the physiological response to
hypoglycaemia, each participant only contributed to the
analysis if a clinically relevant PG decline occurred and/
or hypoglycaemic symptoms were present during the hypo-
glycaemia induction experiments. Thus, a participant was
only included in the analysis for each dose level (double
or triple) and insulin product if hypoglycaemia induction
after that specific dose level/insulin product led to clinically
significant hypoglycaemia (defined as minimum [nadir] PG
<3.0 mmol/l) and/or hypoglycaemic symptoms as judged
by the investigator.

The primary endpoint was clinically significant hypo-
glycaemia (PG4, <3.0 mmol/l) during hypoglycaemia
induction after double dose of insulin. The sample size
determination assumed that the proportion of participants
who did not experience clinically significant hypoglycae-
mia after double dose of insulin was 35% for icodec and
10% for glargine U100, with a correlation coefficient (p) of
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0.2 between treatments. Under these assumptions, 41 par-
ticipants were required to detect a statistically significant
treatment difference with >80% power. The proportion of
participants with clinically significant hypoglycaemia after
double dose of insulin was compared between icodec and
glargine U100 using a logistic regression model with logit
link that included treatment and period as fixed effects and
participant as a random effect. If hypoglycaemia induction
was terminated prematurely, prior to PG, 4. the primary
endpoint was considered missing. The proportion of partici-
pants with clinically significant hypoglycaemia after triple
dose of insulin and the proportion of participants with a
PG, 4ir £2.5 mmol/l after double and triple insulin doses
were analysed in the same way as the proportion of partici-
pants who met the primary endpoint.

PG, ,q4ir Was log,-transformed and compared between
icodec and glargine U100 at each dose level using a lin-
ear mixed-effects model with treatment and period as fixed
effects and participant as a random effect. Results were back-
transformed to the original scale, and estimated geometric
means, treatment ratio and 95% CI were derived.

The duration of decline of PG during hypoglycaemia
induction was assessed by the endpoints time to decline
from PGs 5 .01 10 PG3 9 imoin @nd time to decline from
PGs 5 ot 0 PG3 0 mmoin» Which were determined in indi-
viduals with a PG decline to <3.0 mmol/l and/or hypogly-
caemia symptoms. The time to recovery (time and glucose
amount needed from PG, to PGs 5 ,..;1) Was determined
in individuals with PG <3.3 mmol/l at initiation of recov-
ery. All these endpoints were compared between icodec and
glargine U100 at each dose level using the same approach
as for PG, -

In the subgroup analysis, concentrations of counter-
regulatory hormones at PG; .01 during hypoglycae-
mia induction and at PG,,4, were compared between
insulin products at each of the two dose levels using the
same approach as described for PG, ;- As a sensitiv-
ity analysis, the comparisons at each dose level were
also performed including only those participants with
PG, 4ir <3.0 mmol/l and/or symptoms of hypoglycaemia
as judged by the investigator for both icodec and glar-
gine U100. Changes in HSS, vital signs and cognitive
function tests from baseline (PGs 5 o) t© PG3 g mmoin
and to PG, ;, were compared between insulin products
at each of the two dose levels using the same approach as
described for PG, ;,, except that no logarithmic transfor-
mation was done and that the baseline value was included
as a covariate. Least-squares means, treatment difference
and 95% CI were derived.

AEs and hypoglycaemic episodes (other than those
induced) during the treatment periods were summarised. The
end of each treatment period was defined as 7 days after the
last icodec dose and 2 days after the last glargine U100 dose.

Total participant-years of exposure for the treatment period
was longer for icodec (4.8 years) than for glargine U100
(1.6 years). Hypoglycaemic episodes were classified as level
1 (PG <3.9 mmol/l and >3.0 mmol/l), level 2 (PG <3.0
mmol/l) and level 3 (severe cognitive impairment requiring
assistance for recovery) [20].

Pharmacokinetic modelling

Based on the observed serum icodec and serum glar-
gine concentrations, pharmacokinetic modelling was
used to compare exposure (AUC during one dosing
interval [AUC.]) and maximum concentration (C,,,,)
for double and triple doses vs a normal dose. Details on
the pharmacokinetic models for icodec and glargine are
provided in ESM Methods. For both insulin products,
a nonlinear mixed-effects approach provided a set of
model parameter values for each individual, from which
the individual concentration—time profiles were derived.
For each individual, AUC, and C,,, were calculated
for three different dosing intervals (normal, double and
triple doses). Exposure ratios (double/normal, triple/
normal) were then derived.

Results
Participants

The trial was conducted between 7 May 2019 and 27
September 2021. The participant disposition is shown in
ESM Fig. 1. A total of 70 individuals were screened, 43
were randomised, 43 and 42 were exposed to icodec and
glargine U100, respectively, and 42 completed the trial.
Baseline characteristics for the 43 randomised individ-
uals are shown in Table 1. Hypoglycaemia induction
after double dose was initiated in 43 and 42 individu-
als for icodec and glargine U100, respectively. After
triple dose, hypoglycaemia induction was initiated in
38 and 40 individuals for icodec and glargine U100,
respectively.

Pharmacokinetics

The observed concentrations and simulated pharmacoki-
netic profiles for icodec and glargine U100 reflected the
dosing regimens, including administration of double and
triple doses after achievement of steady state (Fig. 2a,
b). As expected, the double and triple doses appeared to
result in increasingly greater insulin exposure and C,,,
relative to a normal dose (Fig. 2c, d). The inter-individual
variability in Fig. 2¢c, d appeared to be smaller for icodec
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than for glargine U100, suggesting that the exposure after
double and triple doses relative to a normal dose was
more consistent for icodec vs glargine U100.

Hypoglycaemia development

Comparable proportions of individuals on icodec and glar-
gine U100 experienced clinically significant hypoglycae-
mia (PG,,4;, <3.0 mmol/l) following both double (n=17/43
[39.5%] and n=15/42 [35.7%], respectively; odds ratio
icodec/glargine U100 [95% CI] 1.28 [0.46, 3.52]; p=0.63)
and triple (n=20/38 [52.6%] and n=28/40 [70.0%], respec-
tively; odds ratio [95% CI] 0.48 [0.18, 1.28]; p=0.14) doses
(Fig. 3a). The proportion of individuals with PG4, <2.5
mmol/] after double dose of insulin was low for icodec and
glargine U100 (n=2 [4.7%] and n=3 [7.1%], respectively;
odds ratio icodec/glargine U100 [95% CI] 0.62 [0.09, 4.40];
p=0.63; Fig. 3b). After triple doses, it was still low for ico-
dec (n=1[2.6%]) but it was statistically significantly higher
for glargine U100 (n=10 [25.0%]; odds ratio [95% CI] 0.08
[0.01, 0.77]; p=0.03). Accordingly, mean PG, g,
parable between treatments after double dose, while it was
slightly but statistically significantly higher for icodec vs
glargine U100 after triple dose (Table 2). The decline in PG
from 5.5 mmol/l to 3.9 mmol/l occurred faster for icodec
vs glargine U100 after double dose but not after triple dose
(Table 2). There were no statistically significant treatment
differences in duration of PG decline from 5.5 mmol/l to
3.0 mmol/I (Table 2).

was com-

Recovery from hypoglycaemia

During recovery from hypoglycaemia at a constant glucose
infusion rate of 5.5 mg kg~' min~!, it took, on average,
slightly less than 30 min and required on average 111-141
mg/kg of glucose to restore PG from PG, 4, to 5.5 mmol/l
(Table 2). Recovery from PG4, to PGs 5 .. o11 took slightly
longer and required slightly more glucose for icodec vs
glargine U100 after double dose but not after triple dose
(Table 2).

Other hypoglycaemic episodes during the treatment
periods

During the treatment periods, outside the period of hypo-
glycaemia induction experiments, there were no severe
hypoglycaemic episodes (level 3), and the rate of clinically
significant hypoglycaemic episodes (level 2) was compara-
ble for icodec and glargine U100 (3.4 vs 3.0 episodes per
participant-year of exposure, respectively). Furthermore,
over both doses, the mean+SD duration of level 2 hypogly-
caemic episodes was 25.3+8.5 min for icodec and 37.7+15.0
min for glargine U100. There were no level 2 hypoglycaemic
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episodes during the 48 h prior to any of the hypoglycaemia
induction experiments.

CGM after double and triple doses

CGM data were summarised from the time of double or tri-
ple dose until the next insulin administration (excluding the
period of hypoglycaemia induction experiments), thereby
eliminating any confounding effect of other insulin.

CGM profiles for the first 2 weeks after icodec double
dose and for the first week after icodec triple dose are
shown in ESM Fig. 2. Mean+SD percentage time spent
with glucose <3.0 mmol/l was low across all participants
(0.15+0.44% during the first 2 weeks after icodec double
dose and 0.29+1.24% during the first week after icodec tri-
ple dose) as well as in participants who experienced clini-
cally significant hypoglycaemia during the hypoglycae-
mia induction experiments (0.21+0.45% during the first
2 weeks after icodec double dose and 0.56+1.70% during
the first week after icodec triple dose). The corresponding
values for percentage time spent with glucose <3.9 mmol/l
were also low at 0.99+2.12% and 1.56+3.54% for all par-
ticipants, and 1.63+2.75% and 2.67+4.71% for those with
clinically significant hypoglycaemia. In accordance with
the CGM results, the number of level 2 hypoglycaemic

Table 1 Baseline characteristics of full analysis set

Variable Individuals
with type 2
diabetes

N 43

Age, years 56.3 +9.1

Sex

Men 31 (72.1)

Women 12 (27.9)
Race

White 41 (95.3)

Asian 1(2.3)

Asian Indian 1(2.3)

Body weight, kg 87.1+13.0

Height, m 1.75+0.10

BMI, kg/m? 28.5+3.6

HbA ., mmol/mol 555+179

HbA, ., % 72+0.7

Fasting PG, mmol/l 73+1.6

Fasting C-peptide, nmol/l 0.7+ 0.6

Diabetes duration, years 13.5+79

Any oral glucose-lowering drug at screening 41 (95.3)

Metformin at screening 38 (88.4)

Individual once-daily basal insulin dose, U/kg 0.35+0.15

Data are mean+SD or n (%)
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episodes was low from the end of the hypoglycaemia
induction experiment until 2 weeks after icodec double
dose (four episodes in three individuals) and until 1 week
after icodec triple dose (six episodes in five individuals).

CGM profiles for the first 48 h after glargine U100 dou-
ble and triple doses are shown in ESM Fig. 3. Mean+SD
percentage time spent with glucose <3.0 mmol/l was low
across all participants (0.01+0.06% after glargine U100
double dose and 0.01+0.06% after glargine U100 triple
dose) as well as in those with clinically significant hypo-
glycaemia during the hypoglycaemia induction experi-
ments (0.00+0.00% and 0.01+0.07%, respectively). The
corresponding values for percentage time spent with
glucose <3.9 mmol/l were also low at 0.10+0.32%
and 0.18+0.46% for all participants, and 0.13+0.37%
and 0.23+0.53% for those with clinically significant
hypoglycaemia.

Fig.2 (a, b) Pharmacokinetic

a
profiles of insulin icodec (a) o = 5x10°
and insulin glargine U100 23 .
(b) shown as observed values _8 é 4x10
and simulated profiles using £ S 3x105
pharmacokinetic modelling. é b= 2%105
Observed values are geomet- = £
ric means and 95% CI (n=39 5 g 1x105
for icodec; n=38 for glargine ®» 8 0
U100). (c, d) Exposure (¢) and
Cnax (d) ratios for double and
triple doses vs normal dose of
insulin based on the simulated
pharmacokinetic profiles. Data b
are presented as median (middle © = 300
horizontal line), interquartile %, 3
range (top to bottom of box), ® g_ 250
minimum/maximum (upper/ c o
lower whisker excluding outlier § -% 150
values) and individual values £ £ 100
(circles). Values lying more E38 5
than 1.5 times the interquartile 53 § 0
range from the box are excluded @
from the whiskers and shown as
individual values only. Double
dose: icodec, n=42; glargine
U100, n=40. Triple dose: ico-
dec, n=39; glargine U100, n=38 (o] 40
8 3.5
o)
D 3.0
©
E 2.5
2
o 2.0
>
S 1.5
o
- 1.0
S
0.0—-

Other safety measures

During the treatment periods, 52 AEs were reported for
icodec (10.9 AEs per participant-year of exposure) and
33 AEs were reported for glargine U100 (21.3 AEs per
participant-year of exposure). All AEs were mild or mod-
erate, and the majority were assessed by the investigator as
being unlikely related to trial product. The most frequently
reported AEs were headache, thrombophlebitis, diarrhoea
and hypertension. There were no serious AEs or AEs lead-
ing to withdrawal. All AEs were recovered at the end of
the trial, except for an AE of diabetic foot ulcer, which
was assessed as being unlikely related to the trial product.

There were no clinically significant observations for
vital signs, electrocardiograms, physical examinations,
haematology and biochemistry analyses.

iixz é éxZ | g ax3
0 1 2 3 4 5 6

Time since first dose (weeks)

"I T T L T TR R N T L.
T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 M
Time since first dose (days)
d
4.0
—_ o 3.5
3
© 3.0
©
. ST |85 8
? T o 2.0
Band oeble oo e >
L2 T o Ry
3 ®
", . S 1.0
£
O 0.5
Double Triple 0.0— Double Triple
dose dose dose dose
=== |nsulin icodec == |nsulin glargine U100

@ Springer



1422

Diabetologia (2023) 66:1413-1430

Fig.3 (a) Proportion of indi-

V)

viduals with clinically signifi- 100 7 wmmm |nsulin icodec
cant hypoglycaemia defined as = . .
PG, ;. <3.0 mmol/l following $5 g0 Insulin glargine U100
double or triple doses of insulin 2 i’
icodec vs insulin glargine 370
U100. Odds ratios (95% CI) for 2 E 60
icodec/glargine U100 were 1.28 E 2
(0.46, 3.52) for double dose 2 V_ 40—
(p=0.63) and 0.48 (0.18, 1.28) 2 B
for triple dose (p=0.14). (b) 8 8 20
Proportion of individuals with DE_’
PG, 4ir <2.5 mmol/l following
double or triple doses of icodec 0-—
vs glargine U100. Odds ratios Double dose Triple dose
(95% CI) for icodec/glargine
U100 were 0.62 (0.09, 4.40) b 100 —
for double dose (p=0.63) and
0.08 (0.01, 0.77) for triple dose % ~ 8
(p=0.03). Double dose: icodec, oS n
n=43; glargine U100, n=42. g 3
Triple dose: icodec, n=38; = E 60 —
glargine U100, n=40. *p<0.05, 25
derived from two-sided test of S 404 *
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and glargine U100 é_ 8 20
o
o —| I
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Analysis of subgroup with clinically significant
hypoglycaemia and/or symptoms of hypoglycaemia

A total of 20/43 (46.5%) and 19/42 (45.2%) participants
administered a double dose of icodec or glargine U100,
respectively, and 20/38 (52.6%) and 29/40 (72.5%) partici-
pants administered a triple dose, respectively, experienced
clinically significant hypoglycaemia (PG,,4;, <3.0 mmol/l)
and/or had symptoms of hypoglycaemia as judged by the
investigator during hypoglycaemia induction. These partici-
pants, therefore, comprised the subgroup for investigation of
the physiological response to hypoglycaemia. At each of the
two dose levels, there was a high degree of overlap in the par-
ticipants between the icodec and glargine U100 subgroups,
i.e. 16 participants after double dose and 17 participants after
triple dose experienced clinically significant hypoglycaemia
and/or symptoms of hypoglycaemia after both icodec and
glargine U100 (Fig. 4). Baseline characteristics of the sub-
group (ESM Table 3) were nominally similar to those in the
full group of participants (Table 1) and comparable between
icodec and glargine U100 for both double and triple doses.

Hypoglycaemia development in the subgroup analysis Indi-
vidual PG profiles during hypoglycaemia development in
participants with clinically significant hypoglycaemia are
shown in ESM Fig. 4. In the subgroup analysis, mean

PG, ,q4ir was similar for icodec and glargine U100 after
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double dose (2.9 mmol/l vs 2.9 mmol/l, respectively; treat-
ment ratio 1.01 [95% CI 0.96, 1.07]; p=0.58), while it was
slightly but statistically significantly higher for icodec vs
glargine U100 after triple dose (2.9 mmol/l vs 2.7 mmol/l;
treatment ratio 1.05 [95% CI 1.01, 1.10]; p=0.02).

Hypoglycaemia awareness in the subgroup analysis After a
double dose, the proportion of individuals answering ‘Yes’
to the question ‘Do you feel hypo?’ was nominally higher
for icodec vs glargine U100 at PG5 g pymoin (7=9/17 [52.9%]
vs n=2/15 [13.3%]) and at PG, (n=14/20 [70.0%] vs
n=10/19 [52.6%]). After a triple dose, comparable propor-
tions of individuals for icodec vs glargine U100 answered
“Yes’ to the question ‘Do you feel hypo?’ both at PG; g mom
(n=5/20 [25.0%] vs n=8/28 [28.6%]) and at PG, ;. (n=9/20
[45.0%] vs n=15/29 [51.7%]).

Hypoglycaemic symptoms in the subgroup analysis Change
in HSS from baseline during hypoglycaemia induction is
shown in Fig. 5 following a triple dose and in ESM Fig. 5
following a double dose. An increase in HSS was observed
during hypoglycaemia induction for both insulin products
independent of dose level. There were no statistically sig-
nificant differences between icodec and glargine U100 (ESM
Table 4). Following a triple dose, the mean change in HSS
at PG; g mmoin Was 2.2 for icodec vs 2.6 for glargine U100
(treatment difference —0.4 [95% CI —2.6, 1.8]; p=0.72).
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Table 2 Glucodynamics observed following double or triple doses of insulin icodec vs insulin glargine U100
Double dose Triple dose
Endpoint Insulin Insulin glargine Treatment ratio  p value® Insulin Insulin glargine Treatment ratio  p value®
icodec U100 (95% CI)* icodec U100 (95% CI)*
Mean PG4,
n 43 42 38 40
Estimated geometric 32 33 0.97 (0.94,1.00)0  0.07 3.1 29 1.07 (1.04, 1.11) <0.001

mean, mmol/l

Time to decline from PGs 5 011 t0 PGs3 g o’

n 20 19
Estimated geometric 0.7 1.1
mean, h

Time to decline from PGs 5 mom 10 PG3.0 mmont”

n 17 15
Estimated geometric 2.9 4.5
mean, h

Time to recovery from PG, ,4;; t0 PGs 5 moin”

n 15 13
Estimated geometric 28.3 21.0
mean, min

Glucose needed from PG4, t0 PGs s o’

n 15 13

Estimated geometric 141 111
mean, mg/kg

0.62(0.48, 0.78)

0.64 (0.31,1.33)  0.22 2.4 22

1.34 (1.16, 1.55)

1.27(1.05,1.53)  0.02 116 115

20 29

<0.001 0.7 0.7 0.90(0.78,1.04)  0.13

20 28
1.05 (0.68,1.64)  0.80

18 22

<0.01 23.8 233 1.02(0.82,1.28) 0.85

18 22
1.02(0.83,1.24)  0.88

*Insulin icodec vs insulin glargine U100

®p values derived from two-sided tests of no difference between insulin icodec and insulin glargine U100

“Determined in individuals with PG decline to <3.0 mmol/l and/or hypoglycaemia symptoms

9Determined in individuals with PG decline to <3.0 mmol/l

“Determined in individuals with PG <3.3 mmol/l at the time of initiation of recovery

Counterregulatory hormones in the subgroup analy-
sis Concentrations of all five counterregulatory hormones
measured appeared to increase from baseline during hypo-
glycaemia induction for both insulin products following
double dose (ESM Fig. 6) and triple dose (Fig. 6). Follow-
ing a triple dose of insulin, the hormone response was sta-
tistically significantly greater with icodec vs glargine U100
for adrenaline at PG ) .11 (793.8 pmol/l vs 312.2 pmol/l;
treatment ratio 2.54 [95% CI 1.69, 3.82]; p<0.001), and
cortisol at PG; ¢ 011 (201.4 nmol/1 vs 122.9 nmol/l; treat-
ment ratio 1.64 [95% CI 1.13, 2.38]; p=0.01) and PG,
(355.0 nmol/l vs 197.6 nmol/l; treatment ratio 1.80 [95%
CI 1.09, 2.97]; p=0.02) (ESM Table 5). There were no
other statistically significant differences in counterregula-
tory hormone concentrations between icodec and glargine
U100 after double or triple doses (ESM Table 5). Follow-
ing a triple dose, glucagon concentration at PGj ¢ o011 Was
55.2 ng/l for icodec vs 51.6 ng/l for glargine U100 (treat-
ment ratio 1.07 [95% CI 0.86, 1.33]; p=0.53), noradrena-
line concentration at PG j moin Was 1058.4 pmol/l for
icodec vs 843.0 pmol/l for glargine U100 (treatment ratio
1.26 [95% CI 0.89, 1.77]; p=0.18) and growth hormone

concentration at PG; j ,,moin Was 3.7 ug/l for icodec vs 2.4
pg/l for glargine U100 (treatment ratio 1.54 [95% C1 0.72,
3.29]; p=0.25) (ESM Table 5).

A sensitivity analysis of the five counterregulatory hor-
mones was conducted for both double and triple doses of
the insulin products. This sensitivity analysis only included
participants who experienced clinically significant hypogly-
caemia for both icodec and glargine U100. The sensitivity
analysis showed numerical results comparable to the main
statistical analysis (data not shown). However, the compari-
sons of cortisol concentration for icodec vs glargine U100 at
PG; g mmoin and PG, 4, after triple dose did not reach statisti-
cal significance in the sensitivity analysis, probably due to
the lower number of participants included (data not shown).

Vital signs in the subgroup analysis Diastolic blood pres-
sure, systolic blood pressure and pulse during hypoglycae-
mia induction are shown in ESM Fig. 7 for both double and
triple insulin doses. For both insulin products, diastolic
blood pressure appeared to decrease from baseline during
hypoglycaemia induction after double and triple doses, while
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systolic blood pressure was observed to decrease only after
double dose. No response was observed in pulse. There were
no statistically significant differences in vital signs between
icodec and glargine U100 (ESM Table 6).

Cognitive function in the subgroup analysis Changes from
baseline in cognitive function tests during hypoglycaemia induc-
tion are shown in Fig. 7 following a triple dose and in ESM
Fig. 8 following a double dose of the insulin products. A nomi-
nal decrease in number of correct responses in the DSST and
increase in response time in the 4CRT test were observed during
development of hypoglycaemia with both icodec and glargine
U100 independent of dose level. There were no major changes
observed in TMB duration or in the percentage of correct
answers in the 4CRT test. There were no statistically significant
differences between icodec and glargine U100 (ESM Table 7).

Counterregulatory hormones and vital signs during recovery
from hypoglycaemia in the subgroup analysis Counterregula-
tory hormone concentrations and vital signs during recovery
from hypoglycaemia following the double or triple doses of
insulin are shown in ESM Figs 9-11. As PG returned to nor-
mal levels, counterregulatory hormone concentrations, dias-
tolic and systolic blood pressure and pulse generally returned
towards baseline for both insulin products. There were no
apparent differences between icodec and glargine U100.

Participants in whom hypoglycaemia induction was initiated

® -« @ »

Insulin Insulin Insulin Insulin
icodec glargine U100 icodec glargine U100

Double dose Triple dose

v

Physiological response to hypoglycaemia investigated in
subgroup of participants with PG, ;, <3.0 mmol/l and/or

with symptoms of hypoglycaemia?
Subgroup
. 19 analysis ‘ 29

At each dose level, the majority of participants had
PG, .4ir <3.0 mmol/l and/or symptoms of hypoglycaemia
with both insulin icodec and insulin glargine U100

Fig.4 Participant flow diagram showing the number of individuals
included in the subgroup analysis of physiological response to hypo-
glycaemia following double and triple dose of either insulin icodec
or insulin glargine U100. *The number of individuals who only had
symptoms of hypoglycaemia (i.e. with PG, 4, >3.0 mmol/l) was n=3
for icodec double dose, n=4 for glargine U100 double dose, n=0 for
icodec triple dose and n=1 for glargine U100 triple dose
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Discussion

In the current study, the main findings related to hypogly-
caemia frequency and glucodynamics were that the risk of
hypoglycaemia was comparable for icodec vs glargine U100
following double and triple doses, the duration of decline in
PG towards clinically significant hypoglycaemia (PG ¢ ymoin)
was also comparable for both insulin products, and full recov-
ery from hypoglycaemia was achieved within 30 min dur-
ing constant i.v. glucose infusion at 5.5 mg kg~!' min~! for
both icodec and glargine U100. The main finding related
to hypoglycaemia counterregulation was that there was a
robust symptomatic and endocrine response in participants
with clinically significant hypoglycaemia, i.e. with PG, ;.
<3.0 mmol/l and/or symptoms of hypoglycaemia. Overall,
HSS and counterregulatory hormone levels increased to the
same extent for icodec vs glargine U100. The only exception
was a moderately greater increase in adrenaline and cortisol in
response to hypoglycaemia following a triple dose of icodec.
Phase 2 clinical trials up to 26 weeks in insulin-naive or
previously insulin-treated individuals with type 2 diabetes have
shown low rates of level 2 and level 3 hypoglycaemia for once-
weekly icodec that are comparable to once-daily glargine U100
[11-13]. The results from the current study support these Phase
2 trial findings and can be further extended to suggest that, even
in situations when there is a substantial mismatch between the
insulin dose administered and the amount of insulin required,
once-weekly icodec is not associated with an increased risk of
hypoglycaemia compared with once-daily glargine U100.
Avoiding hypoglycaemia is obviously a focus point for
individuals with diabetes [1-3]. However, in the unfortunate
situation that a hypoglycaemic episode occurs, it is just as
important to be able to rapidly correct the fall in PG. Given
the longer dosing interval and the longer duration of action
of once-weekly insulin, prolonged hypoglycaemia, slow
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Fig.5 Change from baseline in HSS during development of hypogly-
caemia following a triple dose of insulin icodec or insulin glargine
U100. Data are mean+SEM. n=20 for icodec; n=29 for glargine
U100, except for PG; ¢ o1 (n=28)



Diabetologia (2023) 66:1413-1430

1425

80+
S, 60+ }
£
S 40-
(o)
8
3 204
O] —o— Insulin icodec
0- Insulin glargine U100
T T T T
55 3.9 3.0 Nadir
Plasma glucose (mmol/l)
C
1200 kk = 1500
= °
3 1000 } g 1250 {
& 800 < 1000
2 600 £ 750
© c
c 400 © 500
2 3
2 200 S 250
0 Z 0
T T T T T T T T
55 3.9 3.0 Nadir 5.5 3.9 3.0 Nadir
Plasma glucose (mmol/l) Plasma glucose (mmol/l)
d * e .
400 - = 61
_ t E
3 300 * ©
£ S 47
(=
= 200 - _— ! £
3 2,
S 100 - £
S 3
0 - O o
T T T T T T T T
5.5 3.9 3.0 Nadir 55 3.9 3.0 Nadir

Plasma glucose (mmol/l)

Fig.6 Counterregulatory hormone concentrations during develop-
ment of hypoglycaemia following a triple dose of insulin icodec or
insulin glargine U100. (a) Glucagon, (b) adrenaline, (c) noradrena-
line, (d) cortisol and (e) growth hormone levels are shown. Data are
mean+SEM. For (a—c), n=20 for icodec, and n=29 for glargine U100
except at PG; 5 nmoin (1=28); for (d) and (e), n=20 for icodec except

recovery from hypoglycaemia and recurrent hypoglycaemia
might be a concern. However, results from the current trial
and from Phase 2 trials with icodec are reassuring. Thus,
a post hoc analysis based on CGM data from two Phase 2
trials showed similar duration of hypoglycaemic episodes
with icodec vs glargine U100 in type 2 diabetes (R. J. Sil-
ver, unpublished results). In the current trial, recovery from
hypoglycaemia by constant i.v. glucose infusion at 5.5 mg
kg™! min~' took <30 min for all treatments (Table 2). After
the hypoglycaemia induction experiment until 2 weeks after
the double icodec dose, until 1 week after the triple icodec
dose and until 48 h after the glargine U100 double and triple
doses (i.e. the longest possible assessment period with no
other potentially confounding insulin administration), the

Plasma glucose (mmoll/l)

at PG, (n=19), and n=29 for glargine U100 except at PG3 ¢ 011
and PG; ) ;011 (n=28). Treatment ratios (95% CI) for icodec/glargine
U100 were 2.54 (1.69, 3.82) at PG; j ymoin <0.001) in (b), and 1.64
(1.13, 2.38) at PG3 ymon (=0.01) and 1.80 (1.09, 2.97) at PG,
(»p=0.02) in (d). *p<0.05, ***p<0.001, derived from two-sided tests
of no difference between icodec and glargine U100

mean percentage time spent below range based on CGM
recordings was well below the consensus guidance clini-
cal targets for CGM data of <1% of time spent with glu-
cose <3.0 mmol/l and <4% of time spent with glucose <3.9
mmol/l [20, 21]. This was the case both in all participants
and in the subgroup of individuals who experienced clini-
cally significant hypoglycaemia during the hypoglycaemia
induction experiments. Furthermore, no severe (level 3)
and very few PG-confirmed (level 2) hypoglycaemic epi-
sodes were recorded following the hypoglycaemia induction
experiment when assessed up to 2 weeks after icodec double
dose and 1 week after icodec triple dose. It must, however,
be taken into consideration that participants and site staff
were specifically focused on preventing hypoglycaemia in
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the periods after the hypoglycaemia experiments. In addi-
tion, it must be acknowledged that the 48 h period of CGM
data for glargine U100 is substantially shorter than the rec-
ommended minimum 14 days [21]. Finally, as the next dose
of insulin after the double or triple dose was skipped in the
current trial, it reflects the clinical situation when adminis-
tration of a higher-than-normal dose is discovered and miti-
gated prior to the next planned dose. In the scenario where
a higher-than-normal dose is not realised, insulin exposure
will remain slightly elevated until the normal steady-state
level is re-established, expectedly within 3—4 half lives of the
insulin product. Importantly, however, insulin exposure and,
consequently, the risk of hypoglycaemia are greatest during
the first dosing interval after a higher-than-normal dose.
The present findings may not only apply to situations
where an unintentionally high insulin dose is administered,
e.g. due to miscalculation of the insulin dose or forgetting
that a dose has been taken and hence taking two weekly
doses close to each other. Rather, they may also be gener-
alised to situations where the usually administered insulin
dose is too high to match the insulin needs, due to reduced
insulin requirement. This could occur during and after exer-
cise, during intercurrent illness, or during hospitalisation

a

0.39 —e— Insulin icodec
0 0.2 Insulin glargine U100
EZ 0.1-
£5 )
o2 0.0
2% 514 '\{_,_i I
g3
O -0.21

-0.3-

T T T T
55 3.9 3.0 Nadir

Plasma glucose (mmol/l)

1.0+

Change in 4CRT correctness ©
(per cent correct answers)

T T T
5.5 3.9 3.0 Nadir

Plasma glucose (mmol/l)

Fig.7 Change from baseline in cognitive function during develop-
ment of hypoglycaemia following a triple dose of insulin icodec
or insulin glargine U100. Changes in (a) TMB duration, (b) DSST
score, (¢) 4CRT correctness and (d) 4CRT response time are shown.
Data are mean+SEM. For (a), n=20 for icodec except at PG
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that often implies fasting prior to medical testing or opera-
tive procedures [7]. Such situations often represent increased
risk of developing hypoglycaemia in individuals with diabe-
tes [22, 23]. Double and triple doses of once-weekly icodec
are equivalent to 14 and 21 times the normal daily insulin
dose or to 2 and 3 weeks of normal weekly insulin doses,
respectively. Despite this vast amount of icodec adminis-
tered, it is reassuring to see in the current study that when
the next weekly dose was omitted, the risk of hypoglycaemia
was not higher in comparison with double or triple doses of
once-daily glargine U100 followed by omission of the next
daily dose. Furthermore, recovery from hypoglycaemia did
not require more glucose for icodec vs glargine U100 after
triple dose and only slightly more glucose for icodec vs glar-
gine U100 after double dose.

The considerably extended half-life of icodec is mainly
due to strong, reversible binding to albumin, whereby an
essentially inactive depot of icodec is formed through-
out the circulation and the interstitial compartment, from
which icodec is slowly and continuously released [9, 10].
In addition, the low insulin receptor binding affinity of ico-
dec contributes to its long half-life by reducing the clear-
ance rate, as insulin is mainly cleared by internalisation
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following binding to and activation of the insulin receptor
[9, 10]. In case of excess amounts of icodec throughout the
body, e.g. when there is an acute reduction in the need for
insulin, the essentially inactive albumin-bound depot of
icodec serves as a buffer to prevent a rapid increase in the
active pool of icodec that is readily available to the insulin
receptor. Moreover, the low insulin receptor binding affin-
ity of icodec prevents an extensively inappropriate glucose-
lowering effect [10]. In addition, in individuals with type 2
diabetes, it appears generally difficult to induce clinically
significant hypoglycaemia even when administering double
or triple the usual dose of icodec (Fig. 3). This is in con-
trast to previous hypoglycaemia induction studies in type
1 diabetes, where close-to-normal doses of insulin detemir
and neutral protamine Hagedorn insulin led to clinically
significant hypoglycaemia in 78% of participants and triple
doses of insulin degludec and glargine U100 led to clini-
cally significant hypoglycaemia in almost all participants
[8, 24]. Once-daily insulin degludec is another albumin-
bound insulin and was shown in double-blind crossover
Phase 3 trials to be associated with a reduced rate of overall
symptomatic hypoglycaemia during 32 weeks of treatment
as compared with once-daily glargine U100 in both type 1
and type 2 diabetes [25, 26]. It may be hypothesised that
albumin-binding as a protraction mechanism has beneficial
effects in reducing the risk of hypoglycaemia, which would
then also favourably impact the hypoglycaemia profile of
once-weekly icodec.

Previously, the symptomatic and endocrine responses to
hypoglycaemia have been studied for insulin detemir, insulin
degludec and glargine U100 in healthy individuals and in
individuals with type 1 diabetes [8, 24, 27-29]. Furthermore,
several studies have investigated the response to hypoglycae-
mia induced by human soluble insulin under hyperinsulinae-
mic-hypoglycaemic clamp conditions in individuals with
type 2 diabetes [30]. However, to our knowledge, this is the
first study to investigate the physiological response to hypo-
glycaemia induced by a basal insulin analogue in individuals
with type 2 diabetes. It was reassuring that the physiological
response to hypoglycaemia was as large for icodec as for
the widely used basal insulin glargine U100. These findings
suggest that when used in clinical practice, icodec is likely
to induce a similar counterregulatory response to immi-
nent and/or actual hypoglycaemia compared with glargine
U100. Furthermore, hypoglycaemia awareness and counter-
regulation are particularly important in preventing severe
hypoglycaemia [31, 32]. Thus, the current findings are in
accordance with the results from Phase 2 clinical trials,
which show comparably low rates of level 2 (blood glucose
<3.0 mmol/l) and level 3 (severe) hypoglycaemia [11-13]
as well as similar duration of hypoglycaemic episodes (R. J.
Silver, unpublished results) for once-weekly icodec vs once-
daily glargine U100.

Increased secretion of adrenaline from the adrenal
medulla during hypoglycaemia development plays a role
in early counterregulation by increasing endogenous glu-
cose production and reducing insulin-stimulated glucose
uptake [33-35]. In the current study, a greater adrenaline
response was seen after triple dose for icodec vs glargine
U100 at PG; ) umoin but not at PG, ;.. This indicates that
adrenaline secretion was triggered at a higher PG thresh-
old for icodec vs glargine U100, which may potentially
explain why numerically fewer participants experienced
clinically significant hypoglycaemia after triple dose for
icodec vs glargine U100 and why PG declined to <2.5
mmol/l in statistically significantly fewer participants for
icodec vs glargine U100 (Fig. 3). Increased cortisol secre-
tion from the adrenal cortex helps to prevent a substantial
PG decline during prolonged hypoglycaemia by increasing
glucose production and inhibiting glucose disposal [34, 35].
Thus, the greater cortisol response at both PG; 011 and
PG, 4, after triple dose for icodec vs glargine U100 could
explain why PG did not ultimately fall as low with icodec
vs glargine U100 after triple dose (PG,,,4;, of 3.1 mmol/l
vs 2.9 mmol/l, respectively; p<0.001). Interestingly, in a
trial in type 1 diabetes investigating the acute physiological
response to hypoglycaemia, growth hormone and cortisol
responses were statistically significantly greater with insu-
lin degludec vs glargine U100, while the observed higher
adrenaline response with insulin degludec vs glargine U100
did not reach statistical significance [8]. While chronically
elevated adrenaline and cortisol may have broad deleteri-
ous implications, the beneficial impact of acute increases in
these stress hormones, e.g. during hypoglycaemia, is well
established [33-37].

In individuals with type 2 diabetes who are recently
diagnosed, and in those where the disease has not yet pro-
gressed to the level where the glucagon secretory capacity
becomes absent, glucagon is known to be the most important
counterregulatory hormone [34, 38]. In the current study,
in individuals with at least some remaining glucagon secre-
tion, glucagon increased similarly in response to hypogly-
caemia with icodec and glargine U100. The similar glucagon
response might explain why the slight treatment differences
in adrenaline and cortisol responses after triple dose did not
translate into differences in other clinical signs such as HSS,
cognitive function or vital signs.

There is no apparent explanation why adrenaline and cor-
tisol responses were greater with icodec vs glargine U100
after triple dose. A potential reason might be impaired physi-
ological response to hypoglycaemia caused by antecedent
hypoglycaemia due to the shorter period of 7 days between
the two hypoglycaemia inductions during glargine U100
treatment in contrast to the 3 weeks between hypoglycaemia
inductions during icodec treatment. However, the effect of
antecedent hypoglycaemia has been shown to last less than
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2 days [39]. Another potential reason could be related to
the open-label trial design. When participants knowingly
received the novel once-weekly basal insulin icodec, they
may have become slightly distressed, hence triggering the
moderately elevated adrenergic hormone response. However,
it would then still be difficult to explain why this did not
occur after the double dose of icodec.

A strength of the trial was the enrolment of individu-
als with type 2 diabetes, the population which could poten-
tially benefit the most from once-weekly basal insulin. At
the same time, it must be recognised that the current results
do not necessarily apply to individuals with type 1 diabe-
tes. To mimic a clinically relevant situation, hypoglycaemia
induction was carried out following a high dose given on
top of the individually titrated normal dose at steady state
and using the intended dosing frequency of once per week
for icodec. Furthermore, s.c. administration was used in
contrast to many previous studies using an i.v. hyperinsuli-
naemic-hypoglycaemic glucose clamp to study hypoglycae-
mia under controlled conditions [30]. The threshold of 3.0
mmol/I for clinically significant hypoglycaemia was chosen
according to common consensus [40]. However, it should
be kept in mind that the current hypoglycaemia inductions
were carried out in a strictly controlled experimental set-
ting and may not entirely reflect spontaneous hypoglycaemic
episodes induced in clinical practice by two insulin prod-
ucts with very different pharmacodynamic properties. The
aim was to induce hypoglycaemia at the time of maximum
glucose-lowering effect for both insulin products to facilitate
appropriate comparison. However, minor variation in time
to maximum glucose-lowering effect may have had a slight
impact on the relative rate and extent of glucose decline, as
well as the time and amount of glucose required to recover
from hypoglycaemia for icodec vs glargine U100, as specifi-
cally seen after double dose in the current trial.

The subgroup approach used to investigate the physiolog-
ical response to hypoglycaemia, whereby participants were
only included in the analysis if they actually experienced
hypoglycaemia during the hypoglycaemic induction experi-
ment, could potentially have led to selection bias. However,
baseline characteristics in the subgroup were similar to those
in the full group of participants, thus reducing the likelihood
of such bias. Furthermore, not all participants contributed to
hypoglycaemia induction results for both icodec and glargine
U100, which might have also had an impact on the con-
clusions. However, in a sensitivity analysis of the counter-
regulatory hormone responses that only included individuals
who experienced hypoglycaemia for both insulin products,
numerical results comparable to the main statistical analyses
were obtained. It cannot be excluded that the substantial
number of statistical comparisons performed in the trial with

@ Springer

no multiplicity adjustment may have led to type 1 error(s).
On the contrary, the lack of treatment differences in cogni-
tive function tests, despite greater responses in adrenaline
and cortisol, with icodec vs glargine U100 after triple dose
could have been due to the relatively small sample size com-
bined with the inherently large variation in the cognitive
function measures.

In conclusion, it is reassuring that double and triple doses
of once-weekly icodec do not lead to an increased risk of
hypoglycaemia compared with once-daily glargine U100,
and that the time to develop hypoglycaemia and recover
from hypoglycaemia are comparable for icodec and glargine
U100. The study also suggests that hypoglycaemia induced
by icodec is accompanied by symptomatic and counterregu-
latory responses, at least as robust as those seen for glargine
U100, to support restoration of euglycaemia. Thus, the cur-
rent study provides further reassurance about the safety of
once-weekly icodec.
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