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LY3298176, a novel dual GIP and GLP-1 receptor
agonist for the treatment of type 2 diabetes
mellitus: From discovery to clinical proof of
concept
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Krister B. Bokvist 1, Xuewei Cui 1, Daniel A. Briere 1, Over Cabrera 1, William C. Roell 1, Uma Kuchibhotla 1,
Julie S. Moyers 1, Charles T. Benson 1, Ruth E. Gimeno 1, David A. D’Alessio 2, Axel Haupt 1,*
ABSTRACT

Objective: A novel dual GIP and GLP-1 receptor agonist, LY3298176, was developed to determine whether the metabolic action of GIP adds to
the established clinical benefits of selective GLP-1 receptor agonists in type 2 diabetes mellitus (T2DM).
Methods: LY3298176 is a fatty acid modified peptide with dual GIP and GLP-1 receptor agonist activity designed for once-weekly subcutaneous
administration. LY3298176 was characterised in vitro, using signaling and functional assays in cell lines expressing recombinant or endogenous
incretin receptors, and in vivo using body weight, food intake, insulin secretion and glycemic profiles in mice.
A Phase 1, randomised, placebo-controlled, double-blind study was comprised of three parts: a single-ascending dose (SAD; doses 0.25e8 mg)
and 4-week multiple-ascending dose (MAD; doses 0.5e10 mg) studies in healthy subjects (HS), followed by a 4-week multiple-dose Phase 1 b
proof-of-concept (POC; doses 0.5e15 mg) in patients with T2DM (ClinicalTrials.gov no. NCT02759107). Doses higher than 5 mg were attained by
titration, dulaglutide (DU) was used as a positive control. The primary objective was to investigate safety and tolerability of LY3298176.
Results: LY3298176 activated both GIP and GLP-1 receptor signaling in vitro and showed glucose-dependent insulin secretion and improved
glucose tolerance by acting on both GIP and GLP-1 receptors in mice. With chronic administration to mice, LY3298176 potently decreased body
weight and food intake; these effects were significantly greater than the effects of a GLP-1 receptor agonist.
A total of 142 human subjects received at least 1 dose of LY3298176, dulaglutide, or placebo. The PK profile of LY3298176 was investigated over
a wide dose range (0.25e15 mg) and supports once-weekly administration. In the Phase 1 b trial of diabetic subjects, LY3298176 doses of
10 mg and 15 mg significantly reduced fasting serum glucose compared to placebo (least square mean [LSM] difference [95% CI]: �49.12 mg/
dL [�78.14, �20.12] and �43.15 mg/dL [�73.06, �13.21], respectively). Reductions in body weight were significantly greater with the
LY3298176 1.5 mg, 4.5 mg and 10 mg doses versus placebo in MAD HS (LSM difference [95% CI]: �1.75 kg [�3.38, �0.12], �5.09 kg
[�6.72, �3.46] and �4.61 kg [�6.21, �3.01], respectively) and doses of 10 mg and 15 mg had a relevant effect in T2DM patients (LSM
difference [95% CI]: �2.62 kg [�3.79, �1.45] and �2.07 kg [�3.25, �0.88], respectively.
The most frequent side effects reported with LY3298176 were gastrointestinal (vomiting, nausea, decreased appetite, diarrhoea, and abdominal
distension) in both HS and patients with T2DM; all were dose-dependent and considered mild to moderate in severity.
Conclusions: Based on these results, the pharmacology of LY3298176 translates from preclinical to clinical studies. LY3298176 has the
potential to deliver clinically meaningful improvement in glycaemic control and body weight. The data warrant further clinical evaluation of
LY3298176 for the treatment of T2DM and potentially obesity.
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1. INTRODUCTION

Treatment of type 2 diabetes mellitus (T2DM) with glucagon-like
peptide-1 receptor agonists (GLP-1RAs) leads to better glycaemic
control, reduced body weight, and improvement in several cardio-
vascular risk factors, which has been demonstrated to be accompa-
nied by improved micro- and macrovascular outcomes [1]. These
benefits are mediated by the GLP-1R, a member of the class B family
of G protein-coupled receptors, that is expressed in pancreatic beta-
cells, various cell types of the gastrointestinal tract, and neurons
throughout both the central (CNS) and the peripheral nervous systems
[2]. Activation of GLP-1R signaling by GLP-1RAs improves glucose
control by enhancing glucose-stimulated insulin secretion [3,4],
delaying gastric transit [5,6], and decreasing plasma glucagon levels
[7], and reduces body weight by activating anorexigenic pathways in
the brain [8]. Due to the glucose-dependence of beta-cell activation,
which involves a number of intracellular mediators, includiing calcium
and Epac2 [9,10], GLP-1RAs are not associated with increased risk of
hypoglycaemia [11]. While the broad metabolic benefits of GLP-1RAs
have established this class in the T2DM treatment paradigm, many
patients do not reach their glycaemic targets, and weight loss achieved
with these agents remains well below what can be attained with
bariatric surgery, the most potent clinical intervention for obesity [12].
Thus, there are significant opportunities to improve upon the existing
GLP-1RA class.
One emerging approach is to combine foundational GLP-1RA therapy
with pharmacological strategies targeting additional pathways impli-
cated in nutrient and energy metabolism, such as glucose-dependent
insulinotropic polypeptide (GIP) [13]. GIP is an incretin that is secreted
from K cells in the upper small intestine in response to food [14].
Postprandial GIP levels are approximately 4-fold higher compared to
GLP-1 under normal physiological conditions [15]. GIP is responsible
for the majority of the insulinotropic incretin effect in man [14,16] and
has important additional functions that are distinct from GLP-1. Unlike
GLP-1, GIP is both glucagonotropic and insulinotropic in a glycaemic-
dependent manner, dose-dependently stimulating glucagon secretion
under hypoglycaemic conditions and insulin under hyperglycaemic
conditions [17e21]. Although both GIPR and GLP-1R are present in
beta-cells, GIPR expression is distributed differently in extra-pancreatic
tissues as GIPR is abundant in adipose tissue [22] and is found in many
non-overlapping areas of the CNS [23]. The biological activity of GIP on
adipocytes has been investigated for some time, and although rather
disparate, GIP is implicated in adipose tissue carbohydrate and lipid
metabolism by its actions to regulate glucose uptake [24], lipolysis
[25], and lipoprotein lipase activity [26e28], some of which support a
role of GIP in fat accumulation that align with studies indicating GIPR
null mice are resistant to obesity. Further, acute GIP infusion to
humans increases adipose tissue blood flow [29], suggesting addi-
tional mechanisms of actions. Chronically elevating GIP levels in a
transgenic mouse model has been shown to reduce diet-induced
obesity (DIO) and improve insulin sensitivity, glucose tolerance, and
beta-cell function [30]. These findings suggest that pharmacological
activation of GIPR may have a therapeutic benefit on peripheral energy
metabolism. In support of this, studies in DIO mice showed the body
weight lowering effects of GLP-1RA are enhanced upon co-
administration of a long-acting GIP analogue [31]. However, the role
of GIP in the regulation of body weight has been controversial. Ob-
servations from genetically modified mice are confounding as both
GIPR-deficient [27] and GIP-overexpressing mice [30] seem to be
protected from obesity. In addition, chronic administration of a long-
acting GIP molecule in rodents has no effects on body weight [31].
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In the brain, GIP appears to activate neurons distinct from GLP-1, and
central infusion of GIP in mice can inhibit food intake in a manner that
is additive to GLP-1 [32]. Historically, the therapeutic utility of GIP has
been limited by the fact that the incretin response to GIP is severely
blunted in T2DM, possibly due to downregulation of the GIPR by high
circulating glucose. A substantial body of data suggests, however, that
GIP resistance can be largely overcome by agents that lower circulating
glucose levels [33,34], paving the way for considerations of GIP as
add-on to glucose-lowering therapies, like GLP-1.
Recently, unimolecular, multi-functional peptides that combine GLP-
1RA activity with glucagon and/or GIP activity have been suggested
as new therapeutic agents for glycaemic and weight control. In ro-
dents, dual GIP and GLP-1 receptor agonists achieve significantly
better glucose control and weight loss compared to selective GLP-
1RAs, such as exenatide or liraglutide [31]. To date, clinical data
have been reported for two GIPR/GLP-1R co-agonist [31,35e37]. A
PEGylated dual agonist enhanced insulin secretion, improved glycae-
mic control, and induced weight loss without causing relevant GI side
effects in subjects with T2D [31]. The authors suggest that these re-
sults demonstrate the potential of GIP to enhance the pharmacology of
selective GLP-1 RAs by strengthening the inherent efficacy and
broadening their therapeutic range however, the studies were small
and of short duration. Here, we describe a novel, single-peptide, dual
GIP and GLP-1 receptor agonist, LY3298176. The dual functionality of
the peptide is described in preclinical in vitro and in vivo models, and
clinical assessment demonstrates that administration of LY3298176
results in glucose lowering and substantial body weight lowering ef-
ficacy in healthy individuals during a multiple ascending dose study,
and in a randomized, 4-week, Phase 1b trial in T2DM patients. Based
on these findings, this molecule was evaluated in a 26-week, ran-
domized study in T2DM, the results of which are forthcoming [38].

2. MATERIAL AND METHODS

2.1. Preclinical methodology
GIP, GLP-1, LY3298176 (C225H348N48O68), semaglutide [39], a long-
acting GIPR agonist (LA-GIPRA), and [d-Ala2]GIP [40] were synthe-
sized at Eli Lilly and Company using traditional peptide chemistry
methods and solubilised in PBS, with the exception of [d-Ala2]GIP
which was formulated in TriseHCl, pH 8. HEK293 cells expressing
either human GIPR (NP_000155) or GLP-1R (NP_002053), pancreatic
human beta ECN90 cells and primary human adipocytes were used for
whole cell cAMP accumulation assays [41]. All in vitro binding and
cAMP assays in HEK293 cells were performed in the absence of al-
bumin to allow direct comparison to native peptides without the
confounding influence of albumin binding. Isolation of pancreatic islets
from mice and insulin secretion assays were performed as previously
reported [42]. Glucose tolerance tests were performed in wild-type,
GIPR, and GLP-1R null C57BL/6 mice (Taconic). Effects on body
weight, food intake, and energy expenditure were determined in DIO
C57/Bl6 mice (Taconic). Additional experimental details are provided in
the Supplemental Appendix.

2.2. Clinical study design and subjects
A Phase 1, randomised, placebo-controlled, double-blind study was
comprised of three parts: single-ascending dose (SAD), and 4-week
multiple-ascending dose (MAD) protocols in healthy subjects (HS),
followed by a 4-week multiple-dose Phase 1b proof-of-concept (POC)
in patients with T2DM. This study was conducted from May 11, 2016
through June 26, 2017 at 2 study sites (USA and Singapore). Inclusion
and exclusion criteria are provided in the Supplemental Appendix.
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2.3. Randomisation, masking, and study design
Subjects were randomly assigned to receive LY3298176 (LY), placebo
(PL), or dulaglutide (DU) in prespecified ratios (SAD, 3LY:1 PL; MAD,
6LY:1 PL:1DU; POC, 4LY:1 PL) (Supplemental Fig. 2). The SAD portion
of the study evaluated doses of LY3298176 ranging from 0.25 to 8 mg
in 6 cohorts of healthy subjects. The MAD part used 4 once-weekly
doses given to healthy subjects on Days 1, 8, 15, and 22. MAD
testing consisted of 3 non titrated arms, investigating dose levels from
0.5 to 4.5 mg, and an arm in which doses were titrated up to 10 mg (5/
5/8/10 mg); Dulaglutide was given to one group of subjects in a dose of
1.5 mg/wk as a control. Finally Phase 1b POC study tested two fixed
doses (0.5 and 5 mg) and two titration schedules that increased dose
levels to 10 mg (5/5/10/10 mg) and 15 mg (5/5/10/15 mg). The
investigator and subject remained masked to treatment assignment
throughout the study. Subjects received LY3298176 as vials containing
5 mg of LY3298176. Doses �1 mg were reconstituted with sterile
saline (0.9% sodium chloride). Doses >1 mg were reconstituted with
sterile water, US Pharmacopeia or British Pharmacopeia. Placebo was
provided as normal saline, the volume matching the investigational
drug at each dose level. Dulaglutide was provided as a 1.5 mg/0.5 mL
single-use pen.

2.4. Clinical outcomes
The primary objective was to investigate the safety and tolerability
following single and multiple doses of LY3298176 in healthy subjects
and in patients with T2DM. Secondary objectives were to characterise
the pharmacokinetics and pharmacodynamics of LY3298176 in
healthy subjects and patients with T2DM by assessing changes in
HbA1c, fasting glucose, fasting insulin, body weight, 7-point self-
monitored blood glucose (SMBG) profiles, and glucose- and insulin
response following an oral glucose tolerance test (OGTT). The OGTT
was performed on day 23 at the Cmax of LY3298176. Most other
objectives where followed to Day 29. Plasma samples obtained during
this tudy were analyzed for LY3298176 concentration using a validated
HRAM LC/MS method. Additional methods are described in more detail
in the Supplemental Appendix. Safety assessments were comprised of
treatment-emergent adverse events, hypoglycaemia events (defined in
the Supplemental Appendix), laboratory parameters, vital signs, elec-
trocardiogram (ECG) parameters, and LY3298176 antidrug antibodies
(ADAs).

2.5. Ethics statement
Animals were studied and maintained in accordance with the Institu-
tional Animal Care and Use Committee of Eli Lilly and Company and the
Guide for the Use and Care of Laboratory Animals by the National In-
stitutes of Health. The clinical trial (ClinicalTrials.gov, NCT02759107)
was conducted in accordance with the Declaration of Helsinki, the
Council for International Organizations of Medical Sciences Interna-
tional Ethical Guidelines, and the International Conference on Harmo-
nisation Good Clinical Practices Guideline. Local institutional review
boards approved the protocol. All subjects provided written informed
consent.

2.6. Statistical analysis
Preclinical in vivo data are presented as mean � SEM with 95%
confidence intervals (CI) for treatment differences compared to placebo
and were compared by one-way ANOVA using GraphPad Prism 7. In
chronic in vivo studies, data were analysed by using two-way ANOVA
repeated measures, followed by Tukey’s multiple comparison test in
order to evaluate treatment versus time effect. For energy balance,
analysis of covariance (ANCOVA) similar to that previously described
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[43,44] was used to assess potential effects on energy expenditure,
independent of changes in body weight. Briefly, average energy
expenditure was calculated for each animal daily, and results were
analyzed in SAS� (Version 9.4) using a mixed model with treatment
group, time, and their interaction, as model terms, plus body weight as
a covariate to identify body weight independent treatment effects.
Observations from each animal at different times were treated as
repeated measurements using a Toeplitz (TOEP) covariance structure,
which was identified as the best fit for the for the results. Comparisons
of interest were drawn from the modeling output by a model-based T-
test or appropriate contrast statements. The test p values were not
adjusted for multiple testing. The null hypothesis was rejected at
P < 0.05.
In the clinical trial, the sample size was not based on any sta-
tistical inferences. It was customary for this type of study, and
deemed adequate to evaluate the primary objective. Dropouts were
replaced so that the targeted numbers of patients/subjects for
safety review and data collection would be achieved; replacement
subjects were assigned to receive the treatment of the dropout. PK
and PD analyses were performed in the “PK/PD” population
(subjects receiving at least 1 dose of the study drug according to
the treatment the subjects actually received) and safety analyses
were performed in the “Safety” population (all enrolled patients/
subjects whether or not they completed all protocol requirements).
PK parameters for LY3298176 were computed by standard non-
compartmental methods of analysis using Pharsight WinNonlin�
and were summarized by study part and dose group. Change from
baseline in HbA1c was analysed using ANCOVA with treatment as
a fixed effect, and baseline as a covariate. Change from baseline
in fasting glucose, fasting insulin, AUC(0e2 h) for glucose,
AUC(0e2 h) for insulin, and body weight were analyzed separately
using a mixed model for repeated measures (MMRM) with treat-
ment, day, and treatment-by-day interaction as fixed effects and
patient/subject as random effect. The number of subjects (n), least
square mean (LSM), LSM difference compared to placebo, and
95% (CI) of the difference were reported. PK parameters are
presented as geometric mean (coefficient of the variable CV %),
median (minimum, maximum), or as geometric mean (minimum,
maximum). Baseline values are presented as n (%) or mean � SD.
7-Point SMBG profile data are presented on Days �2 (prior to
administration of study drug), 8 (after the second dose), 15 (after
the third dose), and 22 (after the fourth dose). Data analyses were
performed using SAS�.

2.7. Role of the funding source
The study sponsor was involved in the study design, data collection,
data review, data analysis and drafting of the report. All authors had full
access to the data related to these studies and approved the report for
publication.

3. RESULTS

3.1. Chemical structure of LY3298176
LY3298176 is a 39 amino acid linear peptide conjugated to a C20 fatty
diacid moiety via a linker connected to the lysine residue at position 20.
The peptide sequence of LY3298176 also contains two non-coded
amino acid residues at positions 2 and 13 (Aib, a-amino isobutyric
acid), and the C-terminus is amidated (Figure 1A). The acylation
technology enables albumin binding, which provides a once-weekly
dosing regimen in humans (Table 2). The molecular weight of
LY3298176 is 4810.52 Da.
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Figure 1: Discovery and Characterization of LY3298176, a GIP-based Dual Incretin Receptor Agonist. (A) Structure schematic of the dual GIP and GLP-1 receptor agonist,
LY3298176. (B) Representative concentration response curves for stimulation of cAMP accumulation by GIP, GLP-1 or LY3298176 in HEK293 cells expressing human GIPR or GLP-
1R. (C) cAMP accumulation in human pancreatic ECN90 beta-cells in response to treatment with GLP-1, GIP, the combination of GLP-1 plus GIP, or LY3298176. P < 0.05 using
one-way ANOVA versus GLP-1 (#) or GIP (þþ). (D) cAMP accumulation in human adipocytes. All data are expressed as mean � SEM.

Original Article
3.2. Preclinical characterization of LY3298176
LY3298176 was designed to be potent at both the GIPR and GLP-1R to
allow significant target engagement of both receptors. In receptor
binding studies, LY3298176 binds either receptor with high affinity
Table 1 e Baseline Demographics and Clinical Characteristics.

SAD
N ¼ 56

MAD
N ¼ 33

POC
N ¼ 53

Baseline Demographics
Age, years 39.4 � 10.3 40.3 � 10.9 56.8 � 6.9
Sex
Men 53 (94.6) 33 (100.0) 28 (52.8)
Women 3 (5.4) 0 (0.0) 25 (47.2)

Race
American Indian or Alaska Native 0 (0.0) 0 (0.0) 1 (1.9)
Asian 55 (98.2) 32 (97.0) 7 (13.2)
Black or African American 0 (0.0) 0 (0.0) 4 (7.5)
Native Hawaiian or Other Pacific
Islander

0 (0.0) 0 (0.0) 0 (0.0)

White 1 (1.8) 1 (3.0) 41 (77.4)
Clinical Characteristics
Body weight, kg 71.9 � 11.1 71.1 � 9.4 86.0 � 15.9
Body mass index, kg/m2 24.7 � 3.2 24.3 � 2.7 31.2 � 4.0
HbA1c, % N/A N/A 8.4 � 0.8
HbA1c, mmol/mol N/A N/A 68.30 � 8.74
Fasting glucose, mg/dL 86.40 � 7.20 83.34 � 7.02 184.50 � 42.48
Fasting glucose mmol/L 4.8 � 0.4 4.63 � 0.39 10.25 � 2.36
Systolic blood pressure, mmHg 113.0 � 12.1 113.9 � 13.6 124.4 � 17.8
Diastolic blood pressure, mmHg 69.1 � 9.9 68.6 � 10.1 76.3 � 6.4
Pulse rate, bpm 55.8 � 7.1 55.8 � 7.8 70.6 � 9.3

Data presented as n (%) and mean� SD. All data presented at baseline, except HbA1c
(Screening). N/A ¼ not available.
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(GIPR Ki ¼ 0.135, SEM ¼ 0.020 nM; GLP-1R Ki ¼ 4.23,
SEM ¼ 0.23 nM); the affinity is comparable to native GIP for the GIPR
and approximately 5-fold weaker than native GLP-1 for the GLP-1R
(Supplemental Table 1). In signaling studies using cell lines with
recombinantly expressed GIPR or GLP-1R, LY3298176 potently stim-
ulates cAMP accumulation by either receptor (GIPR EC50 ¼ 0.0224,
SEM ¼ 0.0053 nM; GLP-1R EC50 ¼ 0.934, SEM ¼ 0.068 nM)
(Figure 1B); the potency of LY3298176 is similar to native GIP and
approximately 13-fold weaker than GLP-1 in these assays (Figure 1B
and Supplemental Table 1). LY3298176 is less potent than the se-
lective GLP-1RA semaglutide (GLP-1R Ki ¼ 1.97, SEM ¼ 0.47 nM;
cAMP EC50¼ 0.0571, SEM¼ 0.0117 nM), and has minimal activity on
the closely related glucagon receptor (Supplemental Table 1). To
assess signaling in cells expressing endogenous levels of these re-
ceptors, we utilised a human pancreatic beta-cell line (ECN90) that
expresses both receptors, and responds to either GIP or GLP-1 with
similar cAMP increases (Figure 1C); and cultures of differentiated
human adipocytes that express only the GIPR, and respond to only GIP
(Figure 1D). LY3298176 elicited a cAMP response in ECN90 cells that
was significantly higher than that observed for either GLP-1 or GIP
alone (Figure 1C), while cAMP accumulation in human adipocytes was
comparable to GIP alone (Figure 1D). The effects of LY3298176 on
beta-cell function and glucose control were examined using wild-type
(WT) mice that express both incretin receptors, and transgenic mice
lacking either the GIPR (GIPR�/�) or the GLP-1R (GLP-1R�/�).
LY3298176 stimulated glucose-dependent insulin secretion in islets
isolated from all three genotypes (Figure 2AeC). In the knockout islets,
antagonists specific for the expressed receptor blocked insulin
secretion as predicted (exendin-4(9-39) in islets from GIPR�/� mice and
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 2 e Pharmacokinetics of LY3298176.

LY3298176
0.25 mg
N ¼ 6

LY3298176
0.5 mg
N ¼ 12

LY3298176
1.0 mg
N ¼ 5

LY3298176
2.5 mg
N ¼ 6

LY3298176
5.0 mg
N ¼ 5

LY3298176
8.0 mg
N ¼ 7

SAD cohorts SC Route
Cmax, ng/mL 26.0 (29) 57.7 (37) 108 (14) 231 (40) 397 (23) 874 (19)
Tmax, ha 48 (48,48) 48 (24, 96) 24 (8, 48) 24 (24, 96) 24 (24, 72) 48 (24, 72)
AUC0-inf, ng.h/mL 5760 (22) 12000 (24) 22600 (14) 53200 (36) 90500 (15) 169000 (8)
T1/2, hb 116 (94.6, 132) 124 (94.4, 163) 106 (92.9, 117) 120 (102, 137) 123 (99.9, 147) 111 (99.6, 121)
CL/F, L/h 0.0434 (22) 0.0416 (24) 0.0443 (14) 0.0470 (36) 0.0553 (15) 0.0472 (8)
Vz/F, L 7.26 (23) 7.46 (28) 6.76 (18) 8.15 (35) 9.80 (7) 7.55 (4)

Data are Geometric Mean (coefficient of variability CV %), unless otherwise noted. aMedian (minimum, maximum), bGeometric mean (minimum, maximum), Abbreviations:
SAD¼ single ascending dose, Cmax¼maximum observed drug concentration, Tmax¼ time of Cmax, AUC0-inf¼ area under the concentration time curve from time 0 extrapolate to
infinity, CL/F ¼ apparent total body clearance of drug following subcutaneous administration, Vz/F ¼ apparent volume of distribution of drug during terminal phase following
subcutaneous administration, N ¼ number of subjects, T1/2 ¼ half-life associated with the terminal rate constant in non-compartmental analysis.
a modified GIPR antagonist, GIP(3-30)NH2 [45], in islets from GLP-1PR�/

� mice). This demonstrates specificity of LY3298176 for the GIPR and
GLP-1R, and activity at both incretin receptors. Glycaemic control
in vivo was assessed using intraperitoneal glucose tolerance tests
(ipGTT) in normal and receptor-deficient mice. LY3298176 improved
the glucose excursions in all three genotypes (Figure 2DeF), and the
response was comparable to that observed for semaglutide (Figure 2E)
and the DPP4-resistant GIP analogue [d-Ala2]GIP (Figure 2F) in GIPR�/

� and GLP-1R�/� mice, respectively. To further assess the specific
pharmacodynamic effect of LY3298176 at the GIPR, additional ipGTT
Figure 2: LY3298176 Enhances Islet Insulin Secretion and Improves Glucose Tolerance
islets from wild-type (A), GIPR null (B), and GLP-1R null mice (C). Antagonists to GLP-1R (e
P < 0.05 using one-way ANOVA versus vehicle treatment in high glucose (*). Glucose exc
GLP-1R null (F) mice administered LY3298176 or the selective agonists semaglutide or
semaglutide and 1 h following [d-Ala2]GIP; glucose AUC(0e120 min, mg. min/dL) is depic
mice per group. P < 0.05 using one-way ANOVA versus vehicle (*).
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experiments were performed in wild-type mice that were co-
administered the GLP-1R antagonist Jant-4 [46]. Here, GLP-1R
blockade abolished glucose lowering by semaglutide but only
marginally affected the efficacy of LY3298176 (Supplemental Fig. 1).
Together, these results indicate that LY3298176 can induce glucose-
dependent insulin secretion in vitro and in vivo through either the GIPR
or the GLP-1R.
The effects of LY3298176 on body weight and food intake were
examined in a DIO mouse model. Pharmacokinetic studies in mice and
rats demonstrated that LY3298176 is a long-acting dual GIP and GLP-1
in Mice. Glucose-stimulated insulin secretion by GIP, GLP-1, or LY3298176 in isolated
xendin-4(9-39)) and GIPR (modified GIP(3-30)NH2) were used to assess receptor specificity.
ursions from intraperitoneal glucose tolerance tests in wild-type (D), GIPR null (E), and
[d-Ala2]GIP. Glucose was administered 18 h after a single injection of LY3298176 or
ted in the upper right panels of (D, E, and F). Data are presented as Mean � SEM of 6
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receptor agonist (data not shown). Chronic treatment of DIO mice with
semaglutide caused a dose-related loss of body weight primarily due
to reduced fat mass (Supplemental Fig. 2A), which appeared to reach
its maximum effect at the 30 nmoL/kg dose (Figure 3A); only a minor
decrease in plasma glucose was observed (Supplemental 2 B). In
comparison, administration of a LA-GIPRA had no effect on body
weight or composition (Figure 3B and Supplemental Fig. 2C) but was
efficacious at lowering fasting blood glucose concentrations with all
doses tested (Supplemental Fig. 2D). Chronic treatment with
LY3298176 resulted in a significant dose-dependent decrease in body
weight that was more pronounced than that observed with semaglu-
tide (Figure 3CandD). Weight loss with LY3298176 treatment was
statistically significant compared to semaglutide treatment and was
primarily driven by loss of fat mass (Supplemental Fig. 2E). It appears
that LY3298176 mainly produced a larger and more prolonged
reduction in food intake during the first 7e10 days of dosing
(Figure 3E), resulting in more fat oxidation (Supplemental Fig. 3A). In
addition, a slight but significant increase in energy expenditure that
started after 7 days of treatment was noted in animals administered
LY3298176 but not in mice treated with semaglutide; this increase
may contribute to the maintenance of lower body weight at later time
points (Figure 3F).
Overall, the preclinical data demonstrate that LY3298176 is a potent
dual GIP and GLP-1 receptor agonist that activates both receptors
in vitro and in vivo and provides better weight loss compared to se-
lective GLP-1RA therapy in mice. Based on these results, LY3298176
was advanced into clinical testing.
LY3298176 in Healthy Subjects and Patients with T2DM

3.2.1. Study subjects
A total of 146 subjects were enrolled (4 subjects discontinued before
receiving the study drug) and 142 subjects received at least 1 dose of
Figure 3: LY3298176 Lowers Body Weight in Obese Mice. The starting body weight of
semaglutide (A), LA-GIPRA (B), or LY3298176 (C). Metabolic effects of LY3298176 (A) or s
intake (E), and energy expenditure (F) in DIO mice. For body weight and food consumption d
semaglutide (þ) treated groups. For energy expenditure, data presented are least square m
the statistical model as described in the methods. P < 0.05 using ANCOVA versus the v
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LY3298176, placebo, or dulaglutide (SAD part, N ¼ 56; MAD part,
N ¼ 33, POC part, N ¼ 53) (Supplemental Fig. 3) Baseline de-
mographics and clinical characteristics are described in Table 1.

3.2.2. PK of LY3298176
The maximum LY3298176 concentration observed occurred within
24e48 h after dosing. The mean half-life was approximately 5 days
(116.7 h), thus supporting a once-weekly dosing regimen (Table 2).
The mean steady-state apparent clearance and volume of distribution
were 0.056 L/h and 9.5 L, respectively. The pharmacokinetics of
LY3298176 appeared dose-proportional over the dose range studied.
The intersubject variability for Cmax and AUC (AUC0-inf for SAD, AUC0-
s for MAD) was �30%. The average accumulation following four
weekly doses was estimated to be 1.58. PK parameters in patients
with T2DM appeared comparable to corresponding parameters from
healthy subjects (Supplemental Table 2).

3.2.3. Glycaemic control
Healthy subjects treated in the MAD study had significant reductions in
fasting glucose with LY3298176 4.5 mg compared to placebo on Day
29; fasting insulin did not differ significantly among the LY3298176
doses and placebo (Figure 4B and Supplemental Table 3). A significant
decrease in glucose response, measured by OGTT AUC(0e2 h), was
observed across all LY3298176 doses, and dulaglutide 1.5 mg,
compared with placebo on Day 23 (Figure 4C). Insulin AUC(0e2 h)
during the OGTT, did not differ between any LY3298176 dose and
dulaglutide compared with placebo (Supplemental Table 3). The 7-
point SMBG profiles are presented in Supplemental Fig. 6.
In patients with T2DM treated with LY3298176 in the Phase 1 b POC
study, HbA1c was decrease in a dose-dependent manner from
baseline compared to placebo, with significant treatment differences
observed in the 5/5/10/10 mg and 5/5/10/15 mg titration groups on
DIO mice was around 45 g. Body weight loss in DIO mice chronically administered
emaglutide (:) compared to vehicle treatment (-) on body weight (D), cumulative food
ifferences, P < 0.05 using one-way ANOVA repeated measures versus the vehicle (*) or
eans for each treatment over time, which were adjusted for body weight as indicated in
ehicle (*) or semaglutide (þ) treated groups. All data are expressed as mean � SEM.
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Figure 4: Body Weight Change and Glucose Response to a OGTT in Healthy Subjects (MAD Part) *Statistically significant at a 5% confidence level compared to placebo. (A) Change
from baseline in body weight over time. Data presented as LSM (SE) (B) Treatment differences in body weight on Day 29. Data presented as LSM difference (95% CI) for
LY3298176 versus placebo (C) Glucose AUC(0e2 h) on Day 23. Data presented as mean � SD. Subjects in the 5/5/8/10 mg group received 5 mg LY3298176 on Day 1 and Day 8,
8 mg LY3298176 on Day 15, and 10 mg LY3298176 on Day 22. DU ¼ dulaglutide; LY ¼ LY3298176.
Day 29 (LSM differences [95% CI]: �0.84% [�1.17, �0.52]
and �0.58% [�0.92, �0.24], respectively) (Supplemental Table 3).
Fasting glucose and fasting serum insulin were significantly decreased
in subjects treated with the 5/5/10/10 mg and 5/5/10/15 mg titration
doses compared to placebo on Day 23 (Figure 5B, Figure 5F and
Supplemental Table 2). The glucose response during the OGTT,
summed as AUC(0e2 h), was significantly decreased with all
LY3298176 doses except 0.5 mg compared with placebo (Figure 5C).
The insulin response during the OGTT, as AUC(0e2 h), significantly
increased with LY3298176 in the 5/5/10/15 mg compared to placebo
(Figure 5D). Consistent with these findings, the 7-point SMBG showed
dose-dependent reduction of postprandial glucose levels following
weekly administration in patients with T2DM (Figure 5E and
Supplemental Fig. 5).

3.2.4. Body weight
In healthy subjects (MAD part), a dose- and time-dependent decrease
in body weight from baseline was observed (Figure 4A). The decrease
in body weight was statistically significant for all treatment groups
compared with placebo except the 0.5 mg group. The weight loss was
greatest with LY3298176 4.5 mg and 5/5/8/10 mg titration groups
(�4.52 and �4.05 kg change form baseline). This weight loss was
greater than what was observed for dulaglutide 1.5 mg (�1.3 kg
change from baseline) on Day 29. The differences were statistically
significant for the two LY3298176 dose groups (4.5 mg and 5/5/8/
10 mg) compared with dulaglutide (Supplemental Fig. 4A). In patients
with T2DM (Phase 1b POC part), a dose- and time-dependent decrease
MOLECULAR METABOLISM 18 (2018) 3e14 � 2018 The Authors. Published by Elsevier GmbH. This is an open acc
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in body weight from baseline to Day 29 with a smaller effect size
compared to healthy subjects (MAD part) was also observed (Figure 5A
and Supplemental Fig. 4B).

3.2.5. Safety profile
No deaths occurred during the study. One SAE occurred in a
dulaglutide-treated subject (Supplemental Table 4). Five subjects
discontinued due to AEs (decreased appetite, vomiting, supraventric-
ular tachycardia, diarrhoea, and increased pancreatic enzymes
(Supplemental Fig. 3). Gastrointestinal AEs (nausea, vomiting, diar-
rhoea, decreased appetite, abdominal distension) were the most
frequently reported events by both healthy subjects and patients with
T2DM (Table 3 and Supplemental Table 4). All events were mild to
moderate in severity. In the SAD study, decreased appetite was the
most frequently reported gastrointestinal AE. The high incidence of
gastrointestinal AEs, notably vomiting, was considered to be dose-
limiting at the 8 mg dose, therefore the 5 mg dose was considered
as the single maximum tolerated dose. Higher dose levels could be
achieved with titration in both healthy subjects (MAD part) and patients
with T2DM (Phase 1b POC part). The gastrointestinal AEs (nausea,
vomiting, diarrhoea and decreased appetite) were still the most
frequently reported events and were dose-limiting because of the
limited titration time. Overall, patients with T2DM presented with less
gastrointestinal AEs than healthy subjects, and tolerated higher doses.
Higher dose levels were better tolerated using a dose titration scheme
of administration and could extensively increase exposure compared to
the single-ascending dose study.
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Figure 5: Body Weight Change, Glucose and Insulin Response to a OGTT and Fasting Glucose Response in Patients with T2DM (Phase 1 b POC Part) *Statistically significant at 5%
significance level compared to placebo (A) Change from baseline in body weight over time. Data presented as LSM (SE) (B) Treatment differences in body weight on Day 29. Data
presented as LSM difference (95% CI) for LY3298176 versus placebo (C) Glucose AUC(0e2 h) on Day 23. Data presented as mean � SD (D) Insulin AUC(0e2 h) on Day 23. Data
presented as arithmetic mean � SD (E) 7-Point SMBG on Days �2 (baseline), 8 (2nd dose), 15 (3rd dose) and 22 (4 t h dose). Data presented as mean � SD (F) Treatment
differences in fasting glucose on Day 29. Data presented as LSM difference (95% CI) for LY3298176 versus placebo. Subjects in the 5/5/10/10 mg group received 5 mg
LY3298176 on Day 1 and Day 8, and 10 mg LY3298176 on Day 15 and Day 22. Subjects in the 5/5/10/15 mg group received 5 mg LY3298176 on Day 1 and Day 8, 10 mg
LY3298176 on Day 15, and 15 mg LY3298176 on Day 22. LY ¼ LY3298176.

Original Article
The incidence of hypoglycaemic episodes (includes documented
symptomatic, probable, and asymptomatic events) was low across all
treatment groups. There was no case of severe hypoglycaemia
(Table 3 and Supplemental Table 4). No clinically relevant changes in
systolic or diastolic blood pressure were observed (Supplemental
Table 4). An increase in pulse rate was detected for both healthy
subjects and patients with T2DM treated with LY3298176 or healthy
subjects treated with dulaglutide (Supplemental Table 5). There was no
signal of drug-related QT prolongation from the ECG analysis.
Increases from baseline in mean values of lipase and amylase within
the normal range were observed with LY3298176 compared to
baseline in healthy subjects and patients with T2DM (Supplemental
10 MOLECULAR METABOLISM 18 (2018) 3e14 � 2018 The Authors. Published by Elsevier GmbH. T
Table 6). There were no AEs of acute pancreatitis reported. There
was no apparent evidence of treatment- or dose-related trends in
clinical chemistry; however, values outside the reference ranges were
noted for some hepatic parameters in a few subjects (Supplemental
Table 6).
No events of hypersensitivity were reported. Two healthy subjects
(MAD part) reported injection site reactions, which were mild to
moderate in severity and resolved without treatment (Supplemental
Table 6). No injection site reaction was reported in patients with
T2DM (Table 3). Four subjects developed either treatment-emergent
or treatment-boosted ADAs; 2 of whom developed ADAs with titres
up to 1:160. Those four subjects did not report hypersensitivity events
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Table 3 e Adverse events in Patients with T2DM.

LY3298176
0.5 mg
N ¼ 9

LY3298176
5 mg
N ¼ 9

LY3298176
5/5/10/10 mg

N ¼ 12

LY3298176
5/5/10/15 mg

N ¼ 12

Placebo
N ¼ 11

All
N ¼ 53

Any TEAE 5 (55.6) 7 (77.8) 10 (83.3) 11 (91.7) 3 (27.3) 36 (67.9)
Mild, events 15 17 54 87 6 179
Moderate, events 0 0 1 9 0 10
Severe, events 0 0 0 0 0 0

Serious adverse events 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Study discontinuation due to adverse events 0 (0.0) 3 (33.3) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Any TEAEs in order of frequency
Vomiting 1 (11.1) 0 (0.0) 1 (8.3) 9 (75.0) 0 (0.0) 11 (20.8)
Decreased appetite 2 (22.2) 6 (66.7) 5 (41.7) 11 (91.7) 1 (9.1) 25 (47.2)
Diarrhoea 1 (11.1) 1 (11.1) 3 (25.0) 5 (41.7) 1 (9.1) 11 (20.8)
Abdominal distension 0 (0.0) 1 (11.1) 2 (16.7) 7 (58.3) 0 (0.0) 10 (18.9)
Nausea 1 (11.1) 1 (11.1) 1 (8.3) 6 (50.0) 0 (0.0) 9 (17.0)
Gastrooesophageal reflux disease 0 (0.0) 1 (11.1) 1 (8.3) 5 (41.7) 0 (0.0) 7 (13.2)
Eructation 0 (0.0) 0 (0.0) 1 (8.3) 4 (33.3) 0 (0.0) 5 (9.4)
Weight decrease 0 (0.0) 0 (0.0) 2 (16.7) 2 (16.7) 0 (0.0) 4 (7.5)
Dyspepsia 0 (0.0) 0 (0.0) 3 (25.0) 0 (0.0) 0 (0.0) 3 (5.7)
Headache 1 (11.1) 0 (0.0) 0 (0.0) 2 (16.7) 0 (0.0) 3 (5.7)
Abdominal pain 0 (0.0) 0 (0.0) 0 (0.0) 2 (16.7) 0 (0.0) 2 (3.8)
Dermatitis allergic 0 (0.0) 0 (0.0) 0 (0.0) 2 (16.7) 0 (0.0) 2 (3.8)
Hepatic enzyme increased 0 (0.0) 0 (0.0) 1 (8.3) 1 (8.3) 0 (0.0) 2 (3.8)
Pancreatic enzyme increased 0 (0.0) 0 (0.0) 0 (0.0) 1 (8.3) 1 (9.1) 2 (3.8)

Other adverse events
Total hypoglycaemia (�70 mg/dL) 0 (0.0) 0 (0.0) 2 (16.7) 1 (8.3) 1 (9.1) 4 (7.5)
Severe hypoglycaemia 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Acute pancreatitis 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Injection site reaction 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Data presented as n (%), unless otherwise noted. TEAE ¼ treatment-emergent adverse event.
and PK of LY3298176 was within the expected range for their dose
levels.

4. DISCUSSION

Based on functional studies in cell culture systems and specific murine
gene knockout models, LY3298176 is a dual GIP and GLP-1 receptor
agonist. The molecule has greater potency for the GIPR in vitro, but
in vivo activity through both incretin pathways is apparent in the
glucose lowering by LY3298176 in mice expressing only one or the
other receptor. In human subjects with T2DM, LY3298176 had potent
effects on both fasting and postprandial glycaemia; the 7-point SMBG
profile revealed a nearly flat and well-controlled glucose curve for the
highest LY3298176 dose after only four weeks of treatment. Moreover,
the significant insulin response seen with LY3298176 during an OGTT
speaks to a robust incretin effect. Comparison of these glycaemic
results with data from Phase 1 studies of selective GLP-1RAs [47e49]
raises the possibility of additional effects by GIP to overall efficacy.
These findings suggest that the combined incretin action of
LY3298176 is not subject to the attenuation of GIP-stimulated insulin
secretion typically seen in T2DM, and support enhanced glucose-
lowering when both the GIPR and GLP-1R are activated [50,51].
An important finding of these studies is that obese mice administered
LY3298176 lost more weight than animals treated with a selective
GLP-1RA. There is limited information on the consequences of se-
lective GIPR activation, but available data as well as our own study
presented here suggest that chronic administration of a long-acting
GIPRA does not reduce body weight [52]. It therefore appears that
GIP activation acts synergistically with GLP-1 receptor activation to
allow greater weight loss in mice than what can be achieved with
single GLP-1 receptor agonism. This observed weight loss appears to
MOLECULAR METABOLISM 18 (2018) 3e14 � 2018 The Authors. Published by Elsevier GmbH. This is an open acc
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be due to both enhanced suppression of calorie intake and a slight but
significant increase in energy expenditure. Although additional
mechanistic studies are required to fully understand the effects of
LY3298176 on energy balance, it seems likely that the synergistic
actions of the GIP and GLP-1 receptors occurs at the level of the CNS
[32]. The data in this report are consistent with previous findings from
combination and dual agonist studies, which show the interaction of
GLP-1RA and GIPRA yields better weight control [31,35]. Our results in
obese mice offer further support that the addition of GIPR agonism to
GLP-1 enhances weight loss via modulating energy metabolism, an
effect that has not been previously reported.
The findings in mice were echoed in the human studies, in which the
effects of higher doses of LY3298178 caused greater weight loss than
the selective GLP-1RA dulaglutide. In patients with T2DM, LY3298176
demonstrated meaningful weight loss after only four weeks of treat-
ment. This was consistent with subject reports of decreased appetite
during treatment with the dual agonist. Although several factors likely
contribute, the beneficial effects of LY3298176 may in part be
attributed to its greater potency at the GIPR versus GLP-1R. While
further investigation is needed to determine the optimal properties of a
dual agonist, this profile differentiates LY3298176 from another dual
GIP-GLP-1 receptor agonist, NNC0090-2746, that displays balanced
activity at the receptors [31,35]. Other functional dual agonists, which
combine a GLP-1RA with glucagon activity, have recently reported four
week data on weight loss; in comparison with these previous studies,
LY3298176 appears to provide similar (SAR425899) or greater weight
loss (MEDI0384) than these compounds [53,54].
The safety characteristics of LY3298176 were similar to selective GLP-
1RAs. The most frequently reported AEs were gastrointestinal (nausea,
vomiting, and diarrhoea) that were of mild to moderate in severity.
Gastrointestinal AEs with LY3298176 were dose limiting, similar to
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what has been universally observe with other drugs with potent GLP-
1RA activity. However, titration decreased gastrointestinal AEs, and the
simple titration regimens tested in these studies helped subjects
tolerate higher doses (up to 15 mg) during the MAD Phase 1 b PoC and
Phase 2 b studies [38]. It is important to note that our titration para-
digm was not optimised, and slower titration with smaller steps may
enable an even more favorable tolerability profile. Similar to effects
seen with GLP-1RAs, increases in mean concentrations of lipase and
amylase with the dual agonist were observed. The frequency of
reporting of hypoglycaemia, hypersensitivity events, and injection site
reactions was low across the treatment groups, and we did not
observe important differences between LY3298176 and placebo or
dulaglutide. Although increased pulse rate is a known effect of GLP-
1RA therapy, there was not a consistent dose effect and the
maximum increase observed with LY3298176 was similar to
dulaglutide.
Typical limitations of Phase 1 studies include short duration and a
small sample size, and both are applicable here. While the observed
effects on weight and glycaemic efficacy for a 4 week trial are sig-
nificant, there is still uncertainty in the effect size of these important
parameters. It is worth noting that the ethnic background of HS and
T2DM differed significantly, and although ethnicity has not had a
demonstrated impact on other incretin based drugs, this will need to be
verified in larger studies. Although an active comparator aided in the
interpretation of this study, an active comparator was studied only in
the healthy subject cohort to more fully evaluate tolerability. Larger
studies with longer treatment duration are warranted to evaluate the
full safety and efficacy of this novel dual agonist. In addition, a dedi-
cated titration study will evaluate whether and by how much the
gastrointestinal AE profile can be improved via titration
(NCT03131687). The improved insulin secretion with LY3298176 is
consistent with a strong incretin effect, however, the trial design did
not enable discerning the contribution of GIP versus GLP-1.

5. CONCLUSION

In summary, we report that LY3298176 is a dual GIP and GLP-1 re-
ceptor agonist. The PK profile enables once weekly dosing in humans.
The large effect size of glycaemic efficacy in T2DM and the large effect
size of weight loss shown in healthy subjects and patients with T2DM
within only 4 weeks of treatment are promising. On the basis of these
results, combined GLP-1R and GIPR stimulation with LY3298176 ap-
pears to offer the potential of improved effectiveness compared to
selective GLP-1RA therapy, raising the possibility that it will be an
effective treatment for patients with T2DM. The results of this trial
provide support for a thorough evaluation of LY3298176 in a more
definitive Phase 2 program.
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