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Abstract

Background and objective Ultra rapid lispro (URLi) is a novel insulin lispro formulation developed to more closely match
physiological insulin secretion and improve postprandial glucose control. This study compared the insulin lispro pharma-
cokinetics and glucodynamics, safety and tolerability of URLi and Humalog® after a single subcutaneous dose in patients
with type 2 diabetes mellitus (T2DM).

Methods This was a phase I, randomised, two-period, two-treatment, double-blind, crossover study in 38 patients with
T2DM. At each dosing visit, patients received either 15 units of URLi or Humalog, followed by a 10 h automated euglycae-
mic clamp procedure. Serum insulin lispro and blood glucose were measured.

Results Insulin lispro appeared in the serum 5 min faster (p <0.0001) and exposure was 6.4-fold greater in the first 15 min
(p <0.0001) with URLi versus Humalog. Exposure beyond 3 h postdose was 26% lower and the duration of exposure was
51 min shorter with URLIi versus Humalog. Onset of insulin action was 13 min faster (» <0.0001) and insulin action was
4.2-fold greater within the first 30 min (p <0.0001) with URLIi versus Humalog. Insulin action beyond 4 h postdose was
20% lower (p=0.0099) with URLi versus Humalog. Overall insulin lispro exposure and total glucose infused were similar
for URLi and Humalog. Both treatments were well tolerated.

Conclusions This is the first study to investigate URLI in patients with T2DM using a euglycaemic clamp procedure. URLi
demonstrated ultra-rapid pharmacokinetics and glucodynamics in patients with T2DM.

ClinicalTrials.gov identifier: NCT03305822.

1 Introduction

In the past three decades, innovations have contributed to the
development of novel insulins that have improved glycaemic
control in patients with type 2 diabetes mellitus (T2DM).
Despite these improvements, there are still significant unmet
needs. Current guidelines recommend that patients with
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T2DM who are receiving basal insulin therapy and are not
maintaining glycaemic control, add bolus (prandial) insulin
therapy [1, 2]. Although newer basal and prandial insulins
have improved glycaemic control, many patients continue to
struggle with achieving stable glycaemic control and often
experience blood glucose peaks and lows. Even patients
who achieve target glycated haemoglobin (HbAlc) levels
may experience significant daily excursions in blood glu-
cose levels [3]. Evidence suggests that glycaemic variabil-
ity may contribute to increased morbidity and mortality, as
well as reduced quality of life [4—6]. Thus, there is a need
for prandial insulins that more closely match the actions of
endogenous insulin and minimise blood glucose excursions.

Rapid-acting insulins, such as insulin lispro, aspart and
glulisine, are absorbed more rapidly from subcutaneous (SC)
tissue and have a faster onset of action compared with regu-
lar human insulin [7]. Although rapid-acting insulins are
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After an ultra rapid insulin lispro (URLI) injection,
insulin appeared in the blood four times faster, and early
insulin exposure increased up to six-fold, resulting in a
greater early glucose-lowering effect with URLi.

Insulin also left the blood sooner after URLI, reducing
the late glucose-lowering effect compared with Hum-
alog; potentially reducing the occurrence of late hypo-
glycaemia observed with rapid-acting insulin analogues.

The ultra-rapid pharmacokinetic and glucodynamic
profile of URLI has the potential to improve post-meal
glucose control over current rapid-acting insulin ana-
logues.

more effective at reducing postprandial glycaemic excur-
sions in comparison with regular insulin, they may not be
rapid enough to match carbohydrate absorption, limiting
their efficacy in postprandial glycaemic control [7]. A faster-
acting insulin preparation that matches carbohydrate absorp-
tion profiles and more closely matches physiological insulin
release is needed.

Insulin lispro (Humalog®) is a commercially available,
rapid-acting human insulin analogue indicated for the
improvement of glycaemic control in adults and children
with diabetes [8]. Ultra rapid lispro (URLi; LY900014)
is a novel insulin lispro formulation utilising two locally
acting excipients, treprostinil and citrate, with independent
mechanisms of action that accelerate the absorption of
insulin lispro. A microdose of treprostinil, a prostacyclin
analogue [9], in the URLi formulation enhances insulin
lispro absorption by local vasodilation [10]. Sodium
citrate further enhances the absorption of insulin lispro
by increasing local vascular permeability [11]. URLi was
formulated to more closely match the secretion pattern of
physiological prandial insulin and improve postprandial
glucose (PPG) control. Initial disclosures of phase III

results demonstrated superiority of URLi to Humalog in
controlling PPG excursions in patients with type 1 or 2
diabetes [12, 13].

The objectives of this study were to compare the insulin
lispro pharmacokinetics, glucodynamic (GD) characteristics
during a euglycaemic clamp procedure, and the safety and
tolerability of URLi and Humalog after a single 15-unit SC
dose in patients with T2DM.

2 Materials and Methods
2.1 Study Design

This was a phase I, randomised, two-period, two-treatment,
double-blind, crossover glucose clamp study in patients with
T2DM (Fig. 1). The study was conducted at one site (Pro-
fil, Neuss, Germany), from 16 October, 2017 to 14 Decem-
ber, 2017. The protocol was approved by an independent
ethics committee. The study was conducted in accordance
with the Declaration of Helsinki, the International Confer-
ence on Harmonisation guidelines for Good Clinical Prac-
tice, and applicable laws and regulations. All patients pro-
vided written informed consent before participating in the
study. The study was registered at www.clinicaltrials.gov
(NCT03305822).

2.2 Study Population

Male and female patients with T2DM (> 1-year dura-
tion) based on medical history, aged between 18 and
70 years and with a body mass index of 18.5-35.0 kg/m?
were eligible. Patients had HbAlc <9.0%, fasting C-pep-
tide < 1.0 nmol/L, without any reports of severe hypo-
glycaemia over a period of 6 months before study enrol-
ment, and were receiving stable prandial insulin + basal
insulin +a stable dose of oral antidiabetic drugs. Patients
receiving a continuous SC insulin infusion, daily insulin
treatment > 1.2 U/kg/body weight, insulin degludec or
dulaglutide were excluded.

! ! Period 1

1
1 Single 15 U SC dose URLi

Screening

! Period 2 !
1 Single 15 U SC dose URLi 1

1
1 Euglycaemic glucose clamp 1 (~10 h)
1

Euglycaemic glucose clamp 2 (~10 h) 1

|

T T L 1 T 1
! Duration ~ <28d '<72h!-6 h! Single 15 U SC dose Humalog '<3dM-6h! Single 15 U SC dose Humalog !

214 d after last
study drug dose

Insulin  Run-in

transition

Insulin Run-in

transition

Fig. 1 Trial design. SC subcutaneous, U units, URLi ultra rapid lispro

A\ Adis


http://www.clinicaltrials.gov

Ultra Rapid Lispro in Patients with Type 2 Diabetes Mellitus

1603

2.3 Treatment Protocol

Patients were randomised to receive a single 15-unit SC dose
of the study drug (URLi or Humalog U100 formulations [Eli
Lilly, Indianapolis, IN, USA]) in the first dosing period and
the other study drug in the second dosing period (Fig. 1).

Each study period was separated by a wash-out period of
at least 72 h. At any time in the 2 weeks before day — 1 of
period 1, patients discontinued dipeptidyl peptidase-4 inhibi-
tors, sulphonylureas and sodium-glucose co-transporter-2
inhibitors. Patients were not permitted to receive long-term
systemic or inhaled glucocorticoids (> 14 consecutive days)
during or within 4 weeks of commencing the study. Patients
taking a stable dose of metformin were permitted to continue
their medication during the study.

Before each dosing period, patients were to discontinue
their basal insulin for a predefined treatment-specific wash-
out period. The last injection of basal insulin was to occur no
later than 72 h before dosing (insulin glargine U300), 48 h
before dosing (insulin detemir or glargine U100) or 24 h
before dosing (neutral protamine Hagedorn insulin, insulin
mixtures or other intermediate-acting insulin). Any injection
of more than 6 units of short-acting insulin was not to occur
between 11 and 6 h before dosing and no injection was to
occur less than 6 h before dosing.

2.4 Euglycaemic Clamp Procedure

At each dosing visit, patients underwent a 10 h, automated
euglycaemic clamp procedure using the ClampArt® device
(Profil, Neuss, Germany). Procedures were performed fol-
lowing an overnight fast of at least 8 h. Before study drug
dosing, patients were connected to the clamp device for
continuous glucose monitoring and the start of the base-
line run-in period. A variable intravenous infusion of
either glucose (20% dextrose solution) or insulin glulisine
was started to reach a target blood glucose concentration
of 100 mg/dL +20% (5.5 + 1.1 mmol/L) during the run-in
period. Blood glucose was maintained at 100 mg/dL +10%
(5.5+0.55 mmol/L) for the last 30 min before study drug
injection, without any glucose infusion or insulin glulisine
infusion. If stable blood glucose was not achieved, the run-in
period was prolonged or study drug dosing was postponed.
Baseline was defined as the mean of blood glucose concen-
trations at 6, 4 and 2 min before study drug administration
and the onset of insulin action was defined as when the blood
glucose concentration dropped by 5 mg/dL (0.3 mmol/L)
from baseline.

Once the target blood glucose level was attained and
remained stable, the patient received study treatment
(URLi or Humalog; time =0). After the onset of insulin
action was reached, a variable intravenous glucose infu-
sion rate (GIR) was initiated to maintain blood glucose

at the target concentration (100 mg/dL; 5.5 mmol/L).
The GIR necessary to maintain blood glucose at the
target level was recorded every minute throughout the
glucose clamp procedure. Blood samples were measured
(SuperGL glucose analyser, Dr Miiller; Hitado, Mohne-
see, Germany) at least every 30 min during the clamp pro-
cedure to validate clamp glucose sensor measurements.
The clamp procedure was continued for approximately
10 h postdose or until after blood glucose concentrations
increased to > 200 mg/dL (11.1 mmol/L) without any glu-
cose being administered for at least 30 min, whichever
was earlier.

2.5 Bioanalysis Procedures

Serum free insulin lispro was analysed using a validated
enzyme-linked immunosorbent assay specific to insulin lis-
pro without cross-reactivity to endogenous insulin. Samples
were collected at time 0, every 5 min for the first hour, at
70, 90, 120, 150 and 180 min, and hourly thereafter up to
10 h postdose. The lower limit of quantification (LLOQ)
was 8.6 pmol/L. Inter-assay accuracy (% relative error) and
inter-assay precision (% relative standard deviation) during
validation were < 16%.

Serum blood samples were collected at time 0, 30 min,
and hourly after the first hour until completion of the clamp
procedure for C-peptide and were analysed using a vali-
dated enzyme-linked immunosorbent assay. The LLOQ was
0.07 ng/mL. The inter-assay precision (% relative standard
deviation) was < 8% and there was no cross-reactivity to
insulin or proinsulin.

2.6 Outcome Measures

Free serum insulin lispro pharmacokinetic parameters were
calculated by non-compartmental methods using Phoenix®
version 6.4 and S PLUS® version 8.2. Early exposure end-
points included: time to early half-maximal drug concen-
tration (early 50% ¢,,,,); area under the concentration—time
curve (AUC) from 0 to 15 min (AUC_;5i)> to 30 min (AUC
0-30min)> and onset of appearance, defined as the time that
serum insulin lispro reached the LLOQ. The determination
of onset of appearance used a linear interpolation between
the time of dosing (0 concentration) and the time of the
first quantifiable insulin lispro concentration and was only
conducted in those patients where the predose sample was
below the LLOQ. Late exposure endpoints included: time to
late half-maximal drug concentration (late 50% t,,,,); AUC
from time 3 to 10 h (AUC;_;,) and duration of exposure,
defined as the time from dosing until serum insulin lispro
reached the LLOQ. Overall exposure endpoints were AUC
from time O to infinity (AUC,,_) and maximum observed
drug concentration (C,,,,)-
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Glucodynamics were derived from the glucose clamp
procedure, with GIR over time used as a measure of insulin
effect. A locally weighted scatterplot smoothing (LOESS)
function with a span of 0.1 was applied to all individual
GIR-versus-time profiles in each treatment group and/or
period. The fitted data for each patient were used to calculate
the GD parameters, except for the time to onset of insulin
action (7,,.), Which was based on the raw GIR data. Glu-
codynamic analyses were conducted using Phoenix® version
6.4 or higher and S PLUS® version 8.2. Early insulin action
endpoints were: T, defined as the time when blood glu-
cose drops by 0.3 mmol/L (5 mg/dL) from baseline, time to
half-maximal GIR before time to maximum GIR (early 50%
tR,.,,), and the total amount of glucose infused over the first
30 min (G ¢_30min) @nd the first 1 h (G, o 1,)- Late insulin
action endpoints were: time to half-maximal GIR after time
to maximum GIR (late 50% tR,,,), total amount of glucose
infused from 4 h to the end of the clamp (G, 4n_gnq)> and
duration of insulin action, defined as the time from 7.,
to the first time when the GIR was less than the average
LOESS GIR, which was calculated from all patients from
9 to 10 h after injection and remained below this value for
at least 30 min. Total insulin action endpoints were maxi-
mum GIR (R, ,.) and total amount of glucose infused over
the duration of the clamp G,,,). Safety assessments included
adverse events, injection-site assessments (immediately after
dosing, and at 20 and 60 min), clinical laboratory assess-
ments (predose period 1 and as deemed necessary), and vital
signs and electrocardiograms (predose and end of the clamp
procedure).

2.7 Statistical Analysis

At least 34 completers provided approximately 95% power
to demonstrate a 40% increase in insulin lispro AUC 39min
between URLi and Humalog. Pharmacokinetic (PK) and GD
analyses included all patients who completed both clamp
procedures and had evaluable PK and GD data for both study
periods. Log-transformed PK and GD parameters were eval-
uated using linear mixed models with treatment, sequence,
and period as fixed effects and patient as a random effect;
the treatment ratios of geometric least squares (LS) means
were estimated from the model. The same model without
log transformation was used to analyse the PK and GD time
parameters. Least squares means, treatment differences in
LS means and the corresponding 95% confidence inter-
vals for the treatment differences were estimated from the
model. For the GD analyses, the p value for the difference
between LS means or the ratio of geometric LS means was
used to determine statistical significance. The 95% confi-
dence interval for the treatment ratio was estimated using
Fieller’s theorem [14]. Statistical analyses were conducted
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using SAS® version 9.4, SAS Institute, Cary, NC, USA ata
5% significance level.

3 Results
3.1 Demographic and Baseline Characteristics

A total of 38 patients, 35 male and three female, were
enrolled, randomised and completed the study (Table 1).
The mean age was 60.0 years, mean duration of diabetes
was 17.4 years and mean HbA lc was 7.4%.

3.2 Pharmacokinetics
3.2.1 Insulin Lispro Concentration Profiles

Mean serum insulin lispro concentration—time profiles fol-
lowing URLIi were left shifted compared with those seen fol-
lowing Humalog (Fig. 2), demonstrating accelerated insulin
lispro absorption, reduced late exposure and overall shorter
exposure duration with URLi compared with Humalog.

3.2.2 Early Insulin Lispro Exposure

Onset of insulin lispro appearance was 5 min faster for URLIi
compared with Humalog (2.0 vs. 7.3 min, p <0.0001) and
the early 50% t,,,, was 11 min earlier (18.6 vs. 29.6 min,
p<0.0001) with URLi versus Humalog (Table 2). This
accelerated insulin lispro absorption with URLI led to sig-
nificantly increased early serum insulin lispro exposure. The
greatest difference in insulin lispro exposure was seen dur-
ing the first 15 min after dosing, when exposure was 6.4-
fold greater (p <0.0001) with URLi compared with Hum-
alog (Table 2). Early insulin lispro exposure during the first
30 min after dosing was also significantly greater for URLi
compared with Humalog (Table 2).

3.2.3 Late Insulin Lispro Exposure

Late insulin lispro exposure, from 3 to 10 h after dosing, was
26% lower (p <0.0001) for URLi compared with Humalog
(Table 2). Duration of insulin lispro exposure was signifi-
cantly shorter by 51 min (508 vs. 559 min, p=0.0220) for
URLIi compared with Humalog (Table 2).

3.2.4 Overall Insulin Lispro Exposure

Overall insulin lispro exposure (AUC,_,) was similar
between URLi and Humalog; however, C . was sig-
nificantly greater for URLi than for Humalog (»p <0.001;
Table 2).
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Table 1 Demographics and clinical characteristics

Variable Total (N=38)

Mean age, years (SD) [range] 60 (7.9) [38-70]

Sex, n (%)
Male 35 (92.1)
Female 3(7.9)

Mean BMI, kg/m2 (SD) [range]
Mean HbA ., % (SD) [range]
Mean duration of T2DM, years (SD) [range]

30.0 (2.97) [22.3-35.0]
7.4 (0.80) [6.0-8.8]
17.4 (7.7) [4.53-41.82]

Mean total daily insulin dose, U (SD) 56.0 (25.9)
Previous insulin regimen, n (%)
Basal/bolus 32 (84.2)
Bolus only 6 (15.8)
Previous insulin type, n (%)
Basal 32 (84.2)
Rapid acting 29 (76.3)
Short acting 9(23.7)
Oral antidiabetic medications, n (%)
Metformin 15 (39.5)
SGLT-2 inhibitor 3(7.9)
DPP-4 inhibitor/metformin 1(2.6)

BMI body mass index, DPP-4 dipeptidyl peptidase-4, HbAIc gly-
cated haemoglobin, SD standard deviation, SGLT-2 sodium glucose
cotransporter-2, 72DM type 2 diabetes mellitus, U units

3.3 Glucodynamics
3.3.1 Glucose Infusion Profiles

Mean GIR with URLi was also left shifted compared with
Humalog (Fig. 3), indicating a faster onset of insulin action,
and reduced late insulin action with URLi compared with
Humalog. Importantly, the mean blood glucose concentra-
tion was maintained at the target of ~ 100 mg/dL throughout
the procedure for both study drugs (Fig. S1 of the Electronic
Supplementary Material [ESM]).

Fig.2 Mean (+standard error
[SE]) serum insulin lispro
concentration—time profile for
ultra rapid lispro (URLI) and
Humalog. a Insulin lispro con-
centration—time profile 0-10 h
after injection and b insulin
lispro concentration—time
profile 0-1 h after injection. The
dashed line indicates the lower
limit of quantification (LLOQ).
U units

~
&
~

Mean (+ SE) serum insulin
lispro concentration (pmol/L)

—+— 15 U Humalog

3.3.2 Early Insulin Action

The onset of insulin action was significantly sooner with
URLIi by 12.9 min (32.1 vs. 45.0 min, p <0.0001; Table 3)
compared with Humalog. The faster onset of insulin action
of URLi increased the amount of glucose infused in the early
part of the euglycaemic clamp procedure. The greatest dif-
ference between URLi and Humalog was seen during the
first 30 min after dosing where there was a 4.2-fold increase
in insulin action with URLi (p <0.0001; Table 3). The
amount of glucose infused was 1.75-fold greater for URLi
compared with Humalog during the first hour after dosing
(»<0.0001), indicating a greater early glucose-lowering
effect for URLi versus Humalog (Table 3). No significant
difference was observed in early 50% tR,,,.

3.3.3 Late Insulin Action

Late insulin action, from 4 h after dosing, was signifi-
cantly reduced by 20% with URLi compared with Humalog
(p=0.0099) (Table 3). Late 50% tR,,,, and duration of insu-
lin action were not significantly different between treatments
(Table 3).

3.3.4 Total Insulin Action

Total insulin action was similar between URLi and Hum-
alog (p=0.0575; Table 3). R,,,, was significantly greater
(»=0.0008) for URLi compared with Humalog, mirroring
the PK data (Table 3).

3.4 C-Peptide

The mean serum C-peptide profiles during the euglycaemic
clamp procedure were similar following a 15-unit SC dose of
URLi and Humalog (Fig. 4). Upon injection of the study drugs,
the C-peptide concentrations reduced from baseline indicating
a suppression by the exogenous insulins. The reduction in the

—e— 15U URLi
(b)

500
400-
300-
200-

100+

Mean (+ SE) serum insulin
lispro concentration (pmol/L)

Time post injection (h)

0.00 0.25 0.50 0.75 1.00
Time post injection (h)
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Table 2 Pharmacokinetics of insulin lispro

Parameter Treatment N Geometric LSM Difference in LSM p value Ratio of geometric LSM
URLi-Humalog URLi:Humalog
(95% CI) (95% CI)
Early insulin lispro exposure
Onset of appearance?, min Humalog 33° 7.28 —5.31 (- 6.65to —3.98) <0.0001 0.271(0.145-0.374
URLi 33" 197
Early 50% t,,,,", min Humalog 38 29.6 —10.9 (- 15.2 to — 6.63) <0.0001  0.630 (0.518-0.758)
URLi 38 18.6
AUC_;5min» pmoleh/L Humalog 37 3.84 - <0.0001  6.38 (4.55-8.94)
URLi 37 24.5
AUC)_30min» pmoleh/L Humalog 38 29.7 - <0.0001 2.92(2.27-3.76)
URLi 38 86.6
Late insulin lispro exposure
Late 50% t,,,,", min Humalog 38 223 —14.3 (- 36.4t07.78) 0.1974  0.936 (0.851-1.04)
URLi 38 209
Duration®, min Humalog 18 559 —50.8 (—93.5to — 8.05) 0.0220  0.909 (0.854-0.965)
URLi 31 508
AUC,_;(,, pmoleh/L Humalog 38 498 - <0.0001  0.736 (0.643-0.844)
URLi 38 367
Overall exposure
Cpnax> Pmol/L Humalog 38 370 - 0.0005  1.19(1.09-1.31)
URLI 38 441
AUC,_,,, pmoleh/L Humalog 38 1321 - 0.0676  1.05(0.996-1.11)
URLi 38 1387

AUC area under the concentration—time curve, AUC,,_,, AUC from time O to infinity, AUC,_;s,,;, AUC from 0 to 15 min, AUC,_s,,,;, AUC from 0
to 30 min, AUC;_;;, AUC from 3 to 10 h, CI confidence interval, C,,,. maximum observed drug concentration, early 50% t,,,, time to early half-

max max

maximal drug concentration, late 50% t,,,, time to late half-maximal drug concentration, LSM least squares mean, URLi ultra rapid lispro
p value is for the treatment difference in LSM. For all other parameters, the p value is for the ratio of geometric LSM

"Five patients had detectable insulin lispro concentrations at time 0 (predose) for both treatment periods and were excluded from the calculation
of the onset of appearance

Fig.3 Mean locally weighted ——— 15U Humalog ~ ——— 15U URLi
scatterplot smoothing (LOESS) (a) (b)
fit of the glucose infusion rate 44 44
over time for ultra rapid lispro
. c =
(URLi) and Humalog. a Glu- S _ 3 S _ 3]
cose infusion rate profile 0-10 h 2E 2E
after injection and b glucose 02 22
. . oD 2 o 2
infusion rate profile 0-2 h after SE SE
injection. U units o o
g & 1] S S 4]
(0] (5]
= =
0 - r T T T T T T T T T 1 0 r T 1
o 1 2 3 4 5 6 7 8 9 10 0 1 2

Time post injection (h) Time post injection (h)

C-peptide concentration in the first 2 h after the start of the ~ 3.5 Safety and Tolerability

clamp procedure was greater with URLi compared with Hum-

alog, which aligns with the faster insulin action observed with  URLi and Humalog were well tolerated and no unexpected
LY900014. There was a rise above baseline in the C-peptide  safety signals were identified in the current study (Table 4).
concentration with both treatments at 6 h after the start of the ~ The frequency of treatment-emergent adverse events
clamp procedure, which corresponds to the time when the  (TEAESs) following administration of Humalog or URLI
insulin lispro concentration approached the LLOQ. was similar (eight vs. six events, respectively), with a total
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Table 3 Glucodynamics of ultra rapid lispro (URLi) and Humalog in patients who completed both treatment periods

Parameter Treatment N  Geometric LSM  Difference in LSM URLi-Humalog  p value Ratio of geometric LSM
(95% CI) URLi:Humalog
(95% CI)
Early insulin action
T ynset’» Min Humalog 37 44.99 —12.89 (— 18.67to — 7.12) <0.0001 0.71 (0.62-0.82)
URLI 37 32.10
Early 50% tR,,*, min Humalog 36 55.94 —2.16 (= 11.69 to 7.37) 0.6486 0.96 (0.80-1.14)
URLI 36 53.78
Gior0-30min > Merkg Humalog 37 2.82 9.14 (5.02 to 13.25) <0.0001 4.24 (2.46-11.15)
URLI 37 11.96
Goo-1n’> mg/kg Humalog 37 41.95 31.39 (19.68 to 43.11) <0.0001 1.75(1.42-2.33)
URLi 37 73.35
Late insulin action
Duration of action’, min ~ Humalog 37  404.90 — 18.38 (— 60.70 to 23.94) 0.3840 0.95 (0.86-1.06)
URLi 37 386.52
Late 50% tR,,,,*, min Humalog 36 269.18 —23.62 (— 58.64 to 11.40) 0.1795 0.91 (0.80-1.05)
URLi 36 245.56
Giotantnd » Mmg/kg Humalog 37 286.44 —55.90 (- 97.52to — 14.27) 0.0099 0.80 (0.68-0.94)
URLi 37 230.54
Total insulin actionBlevins T, Zhang Q, Frias JP, Jinnouchi H,
R x> mg/kg/min Humalog 37 2.89 - 0.0008 1.27 (1.11-1.44)
URLi 37 3.66
G, mg/kg Humalog 37 670.26 - 0.0575 1.12(1.00-1.26)
URLi 37 750.27

CI confidence interval, early 50% tR,,,, time to half-maximal glucose infusion rate before maximum glucose infusion rate, G,,, total amount of
glucose infused over the duration of the clamp, G,,,_;; G Over 1 h, G, o 30min Gior OVer 30 min, G, 4, g,q Gior 4 h to end of clamp, late 50%

IR, time to half-maximal infusion rate after maximum glucose infusion rate, LSM least squares mean, R

e Maximum glucose infusion rate,

T, time to onset of insulin action, tR,,,, time to maximum glucose infusion rate

p value is for the treatment difference in LSM. For all other values, the p value is for the ratio of geometric LS mean

of 14 TEAE:s in 11 patients (six vs. six). Most TEAEs were
mild or moderate (seven and six, respectively) in severity
and no patients discontinued because of TEAEs. One patient
had a serious TEAE of coronary artery stenosis 13 days
after Humalog administration in period 2, determined to be
unrelated to the study drug. This patient had resumed their
normal/pre-study insulin therapy when this serious TEAE
occurred.

The most common TEAE:s that occurred in two or more
patients with either treatment were headache and vessel
puncture-site thrombosis. There was one report of very
slight (barely perceptible) injection-site erythema following
an URLi injection. There were no reports of hypoglycaemia
during the period of clamp assessment. No clinically rele-
vant changes in vital signs, electrocardiograms or laboratory
values occurred during the study.

e 15 U Humalog

600

=—g=== 15 U URLiI

500

400

(pmol/L)

300

Mean (+ SE) C-peptide

0 2 4 6 8 10

Time post injection (h)

Fig.4 Mean (+standard error [SE]) C-peptide profiles following a
single 15-unit (U) subcutaneous injection of ultra rapid lispro (URLI1)
or Humalog
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Table 4 Treatment-emergent adverse events (TEAEs)

TEAEs URLi Humalog
(N=38) (N=38)

Any TEAE, n (%) [events] 6 (15.8)[6] 6(15.8) [8]
Treatment-related TEAE 1(2.6) [1] 0
SAE 0 1
DCAE 0 0

TEAEs occurring in > 2 patients with any treatment, n (%) [events]
Headache 2(53) (2] 2(5.3)[2]
Vessel puncture-site thrombosis 2 (5.3) [2] 0

DCAE discontinuation due to adverse event, SAE serious adverse
event, URLi ultra rapid lispro

4 Discussion

This is the first study evaluating the PK and GD effects of
URLI versus Humalog during a euglycaemic clamp proce-
dure in patients with T2DM. The study demonstrated that
URLi accelerated the absorption of insulin lispro, increased
early exposure, reduced late exposure and had an overall
shorter duration of exposure compared with Humalog. The
study also demonstrated that URLi had a faster onset of
insulin action, increased early insulin action and reduced
late insulin action compared with Humalog. URLi was well
tolerated with a similar safety profile to Humalog.

Insulin lispro was detectable in serum at 2 min after a SC
injection of URLIi, which was 5 min faster than following
Humalog. This resulted in significantly greater early insulin
lispro exposure with URLi compared with Humalog. Con-
sistent with the PK profile, the onset of insulin action was
significantly faster with URLi compared with Humalog,
approximately 13 min earlier than with Humalog. This faster
insulin action resulted in a greater early insulin action, 4.2-
fold greater within the first 30 min with URLi compared
with Humalog. The faster insulin action of URLi may better
align with carbohydrate absorption and may improve PPG
control compared with current rapid-acting insulins. Addi-
tionally, the faster absorption profile may reduce PPG excur-
sions in patients that choose to dose their prandial insulin
after meals.

Late exposure beyond 3 h after injection was reduced
with URLi compared with Humalog and the duration of
insulin exposure was reduced by 51 min. This reduction in
duration of insulin exposure is likely underestimated as the
data were calculated from those patients where the insulin
lispro concentrations reached the LLOQ. The majority (31
of 38) of patients receiving URLI had insulin lispro concen-
trations that reached the LLOQ within the 10 h PK sampling
period, while less than half of patients (18 of 38) receiv-
ing Humalog achieved insulin lispro concentrations below
the LLOQ during the sampling period. This difference is
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reflective of a shorter insulin exposure duration of URLi
compared with Humalog as each patient received a 15-unit
dose of both treatments. Similar to the PK profile, late insu-
lin action beyond 4 h postdose was reduced versus Humalog.
Overall, insulin lispro exposure and total glucose infused
were similar for URLi and Humalog, which suggests that no
dose conversion is required when transitioning patients from
Humalog to URLI. In support of this, the phase III study in
patients with T2DM (PRONTO-T2D) initiated the dosing
of URLi based on a unit-to-unit conversion from Humalog
[13]. At the end of the 26-week treatment period, mean
daily bolus dose was not statistically significantly different
between groups.

The findings from this study in patients with T2DM are
similar to a recently completed PK and GD euglycaemic
clamp study conducted in patients with type 1 diabetes [15].
In patients with type 1 diabetes, URLi had an accelerated
insulin lispro absorption compared with Humalog, resulting
in a faster onset of insulin action and a greater early insulin
action. Additionally, there was a reduction in late insulin
lispro exposure, and an overall shorter exposure duration
compared with Humalog in patients with type 1 diabetes.
These changes in insulin lispro pharmacokinetics resulted in
a reduced late insulin action and a shorter duration of insu-
lin action, which was observed in both older and younger
adults. In this study, we also see a reduction in both the
late insulin lispro exposure and exposure duration, along
with a reduced late insulin action in patients with T2DM.
However, a significant treatment difference in duration of
insulin action was not observed for patients with T2DM.
This likely reflects the impact of endogenous insulin secre-
tion in patients with T2DM, which makes it challenging to
accurately estimate the true duration of insulin action during
the clamp procedure as the GIR does not return to 0. The
duration of the insulin action was estimated using mean GIR
response for all patients from 9 to 10 h after injection when
the insulin lispro concentration for both Humalog and URLi
had approached the LLOQ.

However, this was a conservative approach given that
the C-peptide concentration modestly rose above baseline
around 8 h postdose, which reflects the slow loss of study
drug-related insulin action and an increase in the secretion
of endogenous insulin. This increase in endogenous insulin
secretion coincides with the tapering off of insulin action,
thereby confounding the true duration of insulin action.
URLi does achieve a lower mean GIR than Humalog at
6.5 h postdose and maintains this for the remaining dura-
tion of the clamp procedure, suggesting a shorter duration
of action is likely present if accurately defined for this popu-
lation. This is aligned with the shorter exposure duration
with URLIi, which is not influenced by endogenous insulin
because the assay is specific for insulin lispro. It is important
to note that there is no standard procedure to correct GD
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parameters that could have been applied. C-peptide levels
were similar between Humalog and URLi throughout the
clamp procedure.

For many patients on insulin regimens, it remains chal-
lenging to coordinate premeal insulin injections with post-
meal glucose responses. The first part of this challenge
is related to the delay in absorption of exogenous insulin
from SC tissues into the systemic circulation. URLi has
been developed to reduce this delay by accelerating insulin
absorption and more closely matching endogenous insulin
secretion. The results of this study demonstrate that insu-
lin lispro is absorbed more quickly with URLi compared
with Humalog and that this results in earlier insulin action.
These findings explain the improved postprandial glycaemic
control reported for URLi compared with Humalog in the
recently completed, phase IIl PRONTO-T2D study [13].

The second part of the challenge stems from extended
postprandial exogenous insulin action. Late postprandial
hypoglycaemia may occur when the duration of insulin
action of exogenous insulin exceeds the duration of elevated
blood glucose levels. Late insulin action was significantly
reduced by URLIi, which may help avoid late postprandial
hypoglycaemia. URLi had a 27% lower hypoglycaemia rate
(glucose level <70 mg/dL [3.9 mmol/L]) compared with
Humalog in the period >4 h postdose in the PRONTO-
T2D study. The third part of this challenge relates to patient
compliance with premeal insulin injection practices. Several
surveys of patients with T2DM have suggested that premeal
insulin injection rates are suboptimal and that many patients
administer their bolus insulin injections after a meal [16,
17], potentially exacerbating delayed absorption of exog-
enous insulin and leading to late hypoglycaemic events. The
accelerated absorption and faster insulin action of URLi
compared with Humalog may offer benefits over standard
of care if post-meal insulin dosing is required.

The strengths of the study include the crossover design,
which allowed patients to act as their own control, and the
washout step before treatment, which allowed the characteri-
sation of only the test insulins. Importantly, the glucose and
insulin glulisine infusions were terminated 30 min before
dosing to avoid any carry over effect on the PK and GD
responses. A limitation of the study is that, despite its status
as the gold standard for assessing insulin action, the clamp
method does not not provide a direct measure of the insulin
on PPG.

5 Conclusions

This study demonstrated that URLi had an accelerated
insulin lispro absorption, increased early exposure, reduced
late exposure and an overall shorter exposure duration in
comparison with Humalog. URLi displayed a faster onset of

insulin action, increased early insulin action and a reduced
late insulin action compared with Humalog. Overall, there
was no difference in the overall insulin lispro exposure or
amount of glucose infused between the two treatments. Fur-
thermore, URLi was well tolerated with no differences in
safety and tolerability observed between URLi and Hum-
alog. The ultra-rapid PK and GD profile of URLi is likely to
explain the greater PPG lowering observed in the phase III
study in patients with T2DM [13].
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