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Abstract

Aim: Multiple studies support the efficacy of combining a glucagon-like peptide
1 receptor agonist (GLP-1RA) with basal insulin in people with type 2 diabetes inade-
quately controlled on dual/triple oral therapy. Fixed-ratio combinations of basal
insulin + GLP-1RA represent a further advance to facilitate management. We
assessed the impact of fixed-ratio combination basal insulin + GLP-1RA treatment
on B-cell function.

Materials and Methods: We analysed data from 351 participants in the LixiLan-G
trial (NCT02787551) randomized to receive iGlarLixi (insulin glargine 100 U/ml +
lixisenatide) or to continue daily/weekly GLP-1RA, both on top of metformin. Partici-
pants received a 2-h meal tolerance test before randomization and at study end
(26 weeks), with timed plasma glucose and C-peptide determinations. B-cell function
parameters were resolved using mathematical modelling.

Results: In the GLP-1RA group (n = 162), both body weight and glycated
haemoglobin decreased at week 26, yet none of the insulin secretion/B-cell function
parameters changed significantly. In contrast, in the iGlarLixi group (n = 189), gly-
cated haemoglobin decreased significantly more than in the GLP-1RA group
(p < .0001) despite an increase in body weight (+1.7 + 3.9 kg, p < .0001). Fasting and
stimulated insulin secretion decreased at Week 26 (both p < .0001 vs. GLP-1RA),
while B-cell glucose sensitivity increased by a median 35% (p = .0032 vs. GLP-1RA).
The incremental meal tolerance test glucose area showed a larger reduction with
iGlarLixi versus GLP-1RA (p < .0001).

Conclusions: In people with type 2 diabetes on metformin, 26-week treatment with
iGlarLixi resulted in a marked improvement in B-cell function concomitant with spar-

ing of endogenous insulin release and a reduction in meal absorption.
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1 | INTRODUCTION

People with type 2 diabetes often require multiple therapies to
achieve and maintain satisfactory glycaemic control. There is wide
consensus that glucagon-like peptide 1 receptor agonists (GLP-1RA)
are a suitable initial injectable therapy in many adults with type 2 dia-
betes inadequately controlled by dual or triple oral therapy.'? Combi-
nations of GLP-1RA with basal insulin as separate injectables have
been shown to be effective,® and fixed-ratio combinations of basal
insulin plus GLP-1RAs clearly represent a practical advantage to facili-
tate management.®” The recent LixiLan-G trial (NCT02787551)
showed that the titratable fixed-ratio combination of lixisenatide
(a short-acting GLP-1RA) and insulin glargine 100 U/ml (iGlarLixi) sub-
stantially improved glucose control in adults with type 2 diabetes
switched from previous daily/weekly GLP-1RA treatment compared
with those continuing such treatment.2 However, it is not known
whether the drug combination affects -cell dysfunction, which is the
main defect of type 2 diabetes. In the present exploratory analysis of
the LixiLan-G trial, we set out to measure endogenous insulin secre-
tion and B-cell function in adults with type 2 diabetes randomized to
single GLP-1RA therapy or iGlarLixi.

2 | RESEARCH DESIGN AND METHODS

21 | Study design

The present study is based on an already reported trial (LixiLan-G),
which was a randomized, open-label, active-controlled, parallel-group,
phase 3, 26-week treatment study with a single-arm 26-week exten-
sion period on iGlarLixi only.® The study was designed and monitored
in accordance with Good Clinical Practice guidelines, the International
Conference on Harmonisation, and the Declaration of Helsinki. Insti-
tutional review boards or ethics committees at each study site
approved the protocol. Each participant provided written informed
consent. Briefly, eligible participants were adults with type 2 diabetes
diagnosed for at least 1 year before screening, with glycated
haemoglobin (HbA1c) of 7%-9% (53-75 mmol/mol), treated with the
maximum tolerated dose of a GLP-1RA, daily (60% on liraglutide once
daily or exenatide twice daily) or weekly (40% on dulaglutide,
exenatide extended release, or albiglutide) on a background of
metformin + pioglitazone (n = 22) + a sodium-glucose cotransporter
2 inhibitor (n = 42). Previous treatment with insulin in the year before
the screening visit was an exclusion criterion. After a screening period
of at least 2 weeks, participants were randomized in a 1:1 ratio either
to continue with their current treatment with a GLP-1RA or to switch
from their current GLP-1RA to iGlarLixi for 26 weeks. In both groups,
existing oral agents were continued without modification. iGlarLixi
treatment was initiated at a dose of 10 units (10 units insulin glargine
100 U/ml per 5 pg lixisenatide) and then titrated to reach and main-
tain a fasting self-monitored plasma glucose target between 80 and
100 mg/dI (4.4 and 5.6 mmol/L), according to a detailed titration algo-
rithm® (see Table S1 in Blonde et al.8). GLP-1RA comparator therapy

was administered subcutaneously as per local labelling, with partici-
pants continuing the same dose regimen as before randomization.
Basal insulin was not allowed as rescue therapy in the iGlarLixi arm. In
the GLP-1RA arm, the suggested rescue therapy was basal insulin at
the investigator's discretion.

At baseline and 26 weeks, participants received a standardized
mixed meal test (MMTT) as a liquid formula containing ~600 kcal
(50%-55% carbohydrate, 15%-20% protein and 25%-30% fat).
iGlarLixi and exenatide twice daily were injected 30 min before the
meal, and daily liraglutide was administered at any time of the day, as
per label, while participants taking weekly GLP-1RA injected their
medication per their usual weekly schedule. The meal test was per-
formed preferably within 3 days after the injection of the weekly
GLP-1RA. Blood samples were obtained at times —30, O, 30,
60, 90 and 120 min into the MMTT for plasma glucose and C-peptide
determination. Plasma glucose was assayed using a Roche Cobas ana-
lyser, and plasma C-peptide by a two-site sandwich immunoassay and
direct chemiluminescence method, with within- and between-assay
precision ranging from 3% to 5% (ADVIA Centaur C-Peptide
ReadyPack; Siemens Healthcare Diagnostics, Tarrytown, NY, USA).

2.2 | Data analysis
B-cell function was resolved by mathematical modelling of the plasma
glucose and C-peptide concentrations measured during the MMTT, as
previously described.” The B-cell function model consists of three
blocks: (a) a model for fitting the plasma glucose concentration profile,
the purpose of which is to smooth and interpolate plasma glucose
concentrations; (b) a model describing the dependence of insulin
(or C-peptide) secretion on glucose concentration; and (c) a two-
exponential model of C-peptide kinetics in which the model parame-
ters are individually adjusted to the subject's anthropometric data.’®
The mean slope of the insulin secretion/plasma glucose dose-
response function is taken to represent B-cell glucose sensitivity
(in pmol/min/m2/mM). The model also yields an estimate of early
insulin response (termed rate sensitivity, or response to plasma glu-
cose rate of change) and a potentiation parameter, reflecting potentia-
tion of insulin secretion by glucose and incretins.* The fasting insulin
secretion rate and total insulin output (insulin secretion during 2 h
post-MMTT) were also calculated. Modelling analysis did not yield
reliable results in 32 tests (19 in the iGlarLixi group, 13 in the GLP-
1RA group), as meal glucose excursions were minimal and not concor-
dant with those of C-peptide. These tests were excluded from the
statistical analysis. Another 118 participants were excluded because
the MMTT data at follow-up were missing or incomplete. Overall,
66 cases were excluded from the iGlarLixi arm and 84 from the GLP-
1RA arm. Thus, from a total of 501 cases, 351 (189 iGlarLixi and
162 GLP-1RA) were included in the present analysis; anthropometric
and clinical characteristics did not differ between excluded and
included subjects (Table S1).

Area under concentration curves (AUC) were calculated by the

trapezium rule.
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2.3 | Statistical analysis

Data were summarized as mean * standard deviation or median (inter-
quartile range, IQR) for variables with a skewed distribution; the latter
were transformed into their natural log for use in parametric testing.
Change over time was calculated as week 26 minus baseline, so that
negative values indicate a decrease and positive values correspond to
an increase over time. Group differences were tested by Mann-Whitney
or X2 test for continuous and dichotomic variables, respectively; differ-
ences between week 26 and baseline were tested by Wilcoxon signed
rank test. Group differences over time were analysed by repeated-
measures multivariate analysis of variance, with treatment group as a
fixed effect. Univariate and multivariate regressions were performed by
standard methods. Multivariate logistic regression was reported as odds
ratio and 95% confidence interval, and AUC receiver operating charac-

teristic curve. Statistical significance was set as p < .05.

3 | RESULTS

3.1 | Baseline

This cohort featured the typical defects of B-cell function in type 2 dia-
betes. Thus, by comparison with a sex-, age- and body mass index
(BMI)-matched group of historical nondiabetic controls,*? participants

had increased fasting insulin secretion [median (interquartile range):

TABLE 1  Anthropometric and clinical

characteristics of the study participants®
Male, %
Age, years
Ethnicity

Body weight, kg
BMI, kg/m?

Diabetes duration, years

117 (57) vs. 95 (70) pmol/min/m?] and decreased total insulin secre-
tion [29 (16) vs. 48 (24) nmol/m?]; glucose sensitivity was reduced by
~70% [34 (27) vs. 111 (73) pmol/min/m?/mM] and potentiation by
50% [1.07 (0.25) vs. 1.99 (1.29)], and the rate sensitivity was low.
By multivariate regression of the pooled baseline data (n = 351), glucose
sensitivity was independently related to BMI (directly, partial r = 0.21,
p < .0001), diabetes duration (inversely, partial r = —0.11, p = .008) and
HbA1c (inversely, partial r = —0.25, p < .0001) (Figure S1).

3.2 | Treatment

Participants randomized to iGlarLixi or GLP-1RA were well matched
on all clinical characteristics (except for a slightly longer duration of
metformin treatment in the GLP-1RA group) (Table 1). Over
26 weeks, the mean + SD daily dose of iGlarLixi (n = 184) was
44 + 27 U of insulin and 17.0 £ 5.3 pg of lixisenatide, while the indi-
vidual GLP-1RA doses were maintained at pre-randomization levels.
None of the baseline metabolic parameters differed significantly
between the two groups. Over the 26 weeks of follow-up, all meta-
bolic parameters changed differentially between the two treatments
(Table 2). Thus, in the GLP-1RA group, body weight, HbA1c, fasting
and mean MMTT glucose, and incremental glucose AUC all declined
significantly from baseline, whereas fasting and post-MMTT C-
peptide levels (Figure 1) were superimposable at baseline and follow-
up; none of the B-cell functional parameters changed significantly.

Background antidiabetic therapy

Metformin duration, years
Metformin daily dose, mg
GLP-1RA type (L/D/A/E), %

GLP-1RA duration, years
Retinopathy, %
Nephropathy, %
Neuropathy, %

UACR, mg/g

HbA1c, %

HbA1c, mmol/mol

eGFR, ml min~* 1.73 m 2

iGlarLixi (n = 189) GLP-1RA (n = 162) PP
48 55 NS
59 + 10 60 + 10 NS
94 + 16 95+18 NS
32844 329+44 NS
10(8) 10 (8) NS
6.4(7.8) 7.2(7.2) <0.04
1962 + 430 2019 £ 505 NS
52/21/2/24 54/21/2/23 NS
1.2 (1.9) 1.1(2.1) NS
8.2 53 NS
8.2 9.3 NS
24 23 NS
11(19) 10(17) NS
7.77 £ 0.63 7.76 £0.54 NS
614 +6.38 622+ 6.2

89 £ 25 86 + 23 NS

Abbreviations: eGFR, estimated glomerular filtration rate; GLP-1RA, glucagon-like peptide 1 receptor
agonist; HbA1c glycated haemoglobin A1C; iGlarLixi, insulin glargine 100 U/ml + lixisenatide; L/D/A/E,
liraglutide, dulaglutide, albiglutide, exenatide; NS, not significant; UACR, urinary albumin/creatinine ratio.
2Entries are mean + SD or median (IQR).

By Mann-Whitney test or X2, as appropriate.
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TABLE 2 Metabolic parameters at

iGlarLixi (n = 189) GLP-1RA (n = 162) p° ) -
baseline and their change at follow-up®

Body weight, kg

Baseline 94 £ 16 95+ 18

Change at week 26 17 £3.9° ~14+31° <.0001
HbA1c, %

Baseline 7.77 £ 0.63 7.76 £ 0.54

Change at week 26 —0.99 +0.79° —0.34 £0.79° <.0001
HbA1c, mmol/mol

Baseline 61469 61.3+59

Change at week 26 -10.8 £ 8.6 —-3.7+8.6
Fasting glucose, mmol/L

Baseline 9.16 +1.98 9.15+1.71

Change at week 26 —2.16 + 2.35¢ —0.32 +2.05° <.0001
Fasting ISR, pmol min~tm—2

Baseline 117 (57) 115 (59)

Change at week 26 —47 (46)° 2(-0.2) <.0001
Mean glucose, mmol/L

Baseline 12.26 + 2.54 12.16 £ 2.34

Change at week 26 —2.89 +3.11° —0.56 + 2.56° <.0001
Incremental glucose AUC, mmol/L

Baseline 3.2(2.0) 3.0(1.9)

Change at week 26 —0.7 (2.5)° —0.2 (1.8)° <.0001
Total insulin secretion, nmol/m?

Baseline 28.8 (14.9) 28.8 (15.5)

Change at week 26 —3.5(12.4)° 0.1(8.4) <.0001
Glucose sensitivity, pmol min"* m™2 mM 1t

Baseline 33.7(25.2) 33.7(30.3)

Change at week 26 12.6 (31.3)° 0.9 (21.7) .0032
Rate sensitivity, pmol m~2 mM~1

Baseline 316 £ 610 319 + 669

Change at week 26 152 + 790° —76 +789 .0073
Potentiation ratio

Baseline 1.07 (0.26) 1.05 (0.24)

Change at week 26 0.12 (0.54)° 0.04 (0.38) .0007

Abbreviations: AUC, area under the curve; ISR, insulin secretion rate.
2Entries are mean + SD or median (IQR).

BFor the difference between group changes by repeated-measures ANOVA.
p < .05 versus baseline by Wilcoxon signed rank test.

In the iGlarLixi group, the HbA1c and glucose levels fell more than
in the comparator group, as did the plasma C-peptide concentrations
(Figure 1) and fasting and total insulin secretion. In the face of dimin-
ished endogenous insulin release, the insulin secretion dose-response
function was shifted to the left (Figure 2), such that R-cell glucose sen-
sitivity increased by a median 35%; rate sensitivity and potentiation
also improved as compared with the GLP-1RA group (Table 2).

In the pooled data, treatment-induced changes in glucose sensi-
tivity were reciprocally related to the corresponding changes in body
weight (Figure S2A) and to the changes in HbA1c (Figure S2B), with
similar slopes in the two groups. The incremental MMTT glucose area

showed a larger reduction with iGlarLixi as compared with GLP-1RA
(Table 2).

At week 26, 68% of participants in the iGlarLixi arm achieved an
HbAlc of <7.0% (<53 mmol/mol), and 33% of them achieved an
HbA1c of <6.5% (<48 mmol/mol), versus 32% and 13% of participants
in the GLP-1RA arm, respectively (p < .0001 for both). In a multivari-
ate logistic model including data from both arms, lower baseline
HbA1c (a conditional element of any HbA1c goal), greater weight loss,
larger increase in glucose sensitivity, and treatment with iGlarLixi v
GLP-1RA enhanced the probability of achieving an HbAl1c of <6.5%
(<48 mmol/mol) independently of each other (Figure 3); together,
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FIGURE 1 Plasma glucose and C-peptide —baseline — 26 weeks
curves at baseline and 26 weeks in the two iGlarLixi GLP-1RA
treatment arms. Plots are mean * standard error 14+ 14+
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these four factors made up an AUC receiver operating characteristic
of 0.78.

4 | DISCUSSION

The present study enrolled adults with type 2 diabetes of long dura-
tion and insufficient metabolic control, in whom B-cell function was
severely compromised compared with age- and weight-matched
nondiabetic controls.'? The main finding is that switching from
GLP-1RA treatment to iGlarLixi resulted not only in superior
glycaemic control compared with continuing GLP-1RA therapy, but
also in a marked improvement in global B-cell function. In terms of

clinical outcome, over 26 weeks twice as many participants who

6 7 8 9 10 11 12 13 14 15
Plasma glucose (mmol/L)

6 7 8 9 10 11 12 13 14 15
Plasma glucose (mmol/L)

switched to iGlarLixi achieved an HbA1c of <7.0% (<53 mmol/mol),
and three times as many of them (33 vs. 13%, p < .0001) reached opti-
mal control [<6.5% (42 mmol/mol)] compared with participants who
remained on their previous GLP-1RA therapy; in the latter, body
weight and glycaemic parameters improved (slightly, though signifi-
cantly) but B-cell function was unaffected.

Because, by design, both participant groups had been on GLP-
1RA for ~2 years before randomization, it can be safely assumed that
any benefits of continuing GLP-1RA treatment (comparator arm) were
carried over by the lixisenatide moiety in the iGlarLixi arm. The ques-
tion then arises, what was the relative contribution of insulin and
lixisenatide versus the GLP-1RA to the incremental metabolic control?
Clearly, the insulin moiety was a powerful antihyperglycaemic driver

through its classical actions, inhibitory on endogenous glucose release
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Probability of HbA1c <48 mmol/mol (<6.5%)

Baseline HbA1c (SD) ——
Weight loss (SD) | —
A glucose sensitivity (SD) | ——
iGlarLixi vs GLP-1RA | —_—
0.3 1 1'0

Odds ratio (95% Cl)

FIGURE 3 Multivariate logistic regression of the probability of an
HbA1c <48 mmol/mol (<6.5%) at week 26. A glucose sensitivity is the
change in glucose sensitivity between week 26 and baseline. As a
lower baseline HbA1c is associated with an increased probability of
reaching an HbA1c of <48 mmol/mol (<6.5%), it has an odds ratio of
<1. This is because as baseline HbAlc increases, the odds of reaching
goal are reduced. Plots are odds ratio and 95% confidence intervals.
GLP-1RA, glucagon-like peptide 1 receptor agonist; HbAlc glycated
haemoglobin; iGlarLixi, insulin glargine 100 U/ml + lixisenatide;

SD, standard deviation

and stimulatory on tissue glucose uptake. As a short-acting GLP-1RA,
lixisenatide does not cause tachyphylaxis of the GLP-1 receptor, and
its effect on gastric emptying is greater than that of long-acting
GLP-1RAs.*31* However, beneficial antihyperglycaemic effects have
also been observed for IDeglLira, the fixed-ratio combination of insulin
degludec and the long-acting GLP-1RA, liraglutide.®

The current data confirm previous analyses (reviewed by Fer-
rannini'®) showing that HbAlc (or plasma glucose level) is very
well correlated with B-cell glucose sensitivity in a reciprocal fashion
(Figure S1). Thus, reductions of HbAlc associate with increases in
glucose sensitivity (by 12+ 2 pmolmin"*m 2 mM~? for each 1%
HbA1lc decrement in the present data set). The underlying biology
is, at least in part, relief of glucose toxicity.2”"*° Perhaps less well
appreciated is the independent direct association of glucose sensi-
tivity with BMI (or other measures of adiposity), possibly because
of a glucose-independent stimulation of insulin secretion by endog-
enous free fatty acids.'??! Therefore, in the iGlarLixi group the
lixisenatide component, which would per se lead to weight loss, as
expected for the GLP-1RA class in general, and observed in com-

parison with liraglutide,*?2

restrained the weight gain expected
from the insulin component, at the same time as it exerted an
additional, if small, positive influence on glucose sensitivity (esti-
mated at ~3.5 pmol min"*m2mM™! for each 10 kg of weight
loss; Figure S2).

Another important consequence of iGlarLixi treatment was the
reduction of both fasting and post-MMTT (total) insulin secretion
(Table 2). As plasma glucose is the dominant stimulus of insulin secre-
tion under virtually all circumstances,® the large drop in glucose levels
in the iGlarLixi arm was also the cause of the decreased insulin output.
This apparently paradoxical combination of less absolute insulin
release and better B-cell glucose sensitivity is consistently seen with
other effective antihyperglycaemic interventions (e.g. bariatric sur-

gery?®). In type 2 diabetes, this physiological setup translates into a

reduced secretory strain on an already defective B-cell. In the current
data, it can be estimated that iGlarLixi induced an average 25% spar-
ing of endogenous insulin (18 of 76 U/day, assuming an average daily
calorie intake of 2400 kcal).

A final major difference between the two arms of this study was
the greater reduction of the incremental MMTT glucose area with
iGlarLixi compared with GLP-1RA (Table 2). This effect can be confi-
dently ascribed to the ability of lixisenatide to slow down gastric emp-
tying. In a previous study measuring gastric retention by combined
scintigraphy and a double-tracer technique,?* a tight association was
shown between slowing of gastric emptying and postprandial glucose
lowering with lixisenatide versus placebo. Of note, while a strong
delay in gastric emptying is observed shortly after lixisenatide injec-
tion at breakfast, this effect remains detectable during following
meals.2®

Limitations of this study are that neither plasma insulin nor
plasma glucagon measurements were available to estimate changes in
insulin sensitivity and glucagon suppression, respectively, as contribu-
tors to the overall iGlarLixi benefit. In addition, a substantial number
of participants either did not have an appropriate glycaemic response
to the MMTT or the data were unavailable, which may represent a
limitation. As detailed in the primary clinical trial,®?¢ the offset of the
observed benefits in terms of adverse events was somewhat higher
with iGlarLixi compared with GLP-1RA, but was clinically judged to be
mild to moderate in size and, altogether, reasonably well predictable.
In conclusion, switching from GLP-1RA to iGlarLixi resulted in better
glycaemic control because there was not only insulin-mediated abate-
ment of glucose toxicity, but also enhanced B-cell glucose sensitivity,
endogenous insulin sparing, and a degree of slowing down of gastric

emptying.
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