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Optimized GIP analogs promote hody weight
lowering in mice through GIPR agonism not
antagonism
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ABSTRACT

Objective: Structurally-improved GIP analogs were developed to determine precisely whether GIP receptor (GIPR) agonism or antagonism lowers
body weight in obese mice.

Methods: A series of peptide-based GIP analogs, including structurally diverse agonists and a long-acting antagonist, were generated and
characterized in vitro using functional assays in cell systems overexpressing human and mouse derived receptors. These analogs were char-
acterized in vivo in DIO mice following acute dosing for effects on glycemic control, and following chronic dosing for effects on body weight and
food intake. Pair-feeding studies and indirect calorimetry were used to survey the mechanism for body weight lowering. Congenital Gipr—/— and
Glp1r—/— DIO mice were used to investigate the selectivity of the agonists and to ascribe the pharmacology to effects mediated by the GIPR.
Results: Non-acylated, Aib2 substituted analogs derived from human GIP sequence showed full in vitro potency at human GIPR and subtly
reduced in vitro potency at mouse GIPR without cross-reactivity at GLP-1R. These GIPR agonists lowered acute blood glucose in wild-type and
Glp1r—/— mice, and this effect was absent in Gipr—/— mice, which confirmed selectivity towards GIPR. Chronic treatment of DIO mice resulted in
modest yet consistent, dose-dependent decreased body weight across many studies with diverse analogs. The mechanism for body weight
lowering is due to reductions in food intake, not energy expenditure, as suggested by pair-feeding studies and indirect calorimetry assessment.
The weight lowering effect was preserved in DIO Gip-7r—/— mice and absent in DIO Gipr—/— mice. The body weight lowering efficacy of GIPR
agonists was enhanced with analogs that exhibit higher mouse GIPR potency, with increased frequency of administration, and with fatty-acylated
peptides of extended duration of action. Additionally, a fatty-acylated, N-terminally truncated GIP analog was shown to have high in vitro
antagonism potency for human and mouse GIPR without cross-reactive activity at mouse GLP-1R or mouse glucagon receptor (GcgR). This
acylated antagonist sufficiently inhibited the acute effects of GIP to improve glucose tolerance in DIO mice. Chronic treatment of DIO mice with
high doses of this acylated GIPR antagonist did not result in body weight change. Further, co-treatment of this acylated GIPR antagonist with
liraglutide, an acylated GLP-1R agonist, to DIO mice did not result in increased body weight lowering relative to liraglutide-treated mice. Enhanced
body weight lowering in DIO mice was evident however following co-treatment of long-acting selective individual agonists for GLP-1R and GIPR,
consistent with previous data.

Conclusions: We conclude that peptide-based GIPR agonists, not peptide-based GIPR antagonists, that are suitably optimized for receptor
selectivity, cross-species activity, and duration of action consistently lower body weight in DIO mice, although with moderate efficacy relative to
GLP-1R agonists. These preclinical rodent pharmacology results, in accordance with recent clinical results, provide definitive proof that systemic

GIPR agonism, not antagonism, is beneficial for body weight loss.
© 2018 The Authors. Published by Elsevier GmbH. This 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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1. INTRODUCTION glucose and body weight to lessen adverse cardiovascular events in

T2D patients [1,2]. In contrast, GIP, despite its role as a physiological
Structurally optimized analogs of glucagon-like peptide 1 (GLP-1) have incretin and partner with GLP-1, has failed to advance as a therapeutic
provided profound therapeutic improvements in management of agent. Notably the insulinotropic effect of GIP receptor agonism is
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diminished in modest hyperglycemia [3] but purportedly reversed with
improved glycemic control [4]. This latter observation served as a
catalyst to integrating coagonism at GIP and GLP-1 receptors (GIPR and
GLP-1R, respectively) as a strategy in which the latter activity primes
the former to achieve a more optimal reversal of the metabolic syn-
drome [4]. Two different peptides, NNC0090-2746 (MAR709) and
LY3298176 (Tirzepatide), with high potency dual incretin agonism
have advanced to multi-dose clinical studies. The preclinical and
clinical results have demonstrated improvements in glycemic control
and body weight that exceeds what is achieved with comparable
dosing of benchmark GLP-1R specific agonists [5—8]. Despite these
beneficial clinical results of combinatorial therapy, the pharmacological
effect of GIP alone to lower body weight has not been adequately
addressed.

The role of GIP to regulate systemic metabolism beyond its direct effect
at the endocrine pancreas remains controversial and confusing,
particularly as it relates to GIP action to promote gain in fat mass
(reviewed in [9]). Mouse models of diminished GIP activity, including
GIPR knockout mice [10], immunization against GIP [11,12], enter-
oendocrine K cell ablation [13], and chemical antagonism [14,15] have
shown reduced or delayed body weight gain in rodents exposed to
obesogenic diets. Furthermore, elevated levels of GIP are associated
with visceral fat deposition [16], and acute GIP infusion increased
adipose tissue vasoactivity and adipogenesis in humans [17]. These
rodent loss-of-function studies and experimental human physiology
results have fostered beliefs that GIPR antagonism can pharmaco-
logically improve body weight upon chronic administration. On the
contrary, there is experimental evidence that amplified GIP action is
also beneficial to body weight, including transgenic overexpression of
GIP [18], single [19] and combinatorial preclinical pharmacology
[5,20—22], and genome-wide association studies [23]. However, it
has yet to be definitively shown whether chronic pharmacological
manipulation of the GIPR system in either direction is beneficial or
detrimental for body weight in obese mice, which is instrumental to
study the molecular underpinnings of GIP-mediated pharmacological
effects. At a minimum, it has been shown that GIPR mono-agonists
improve glucose metabolism and clearly do not promote further
weight gain in mice with established obesity [5,21,24—26].

To specifically address this dichotomy in whether GIPR agonism or
antagonism provides body weight lowering pharmacology, we sys-
tematically investigated the impact of acute and chronic treatment of
non-diabetic, genetically wild-type, diet-induced obese (DIO) mice with
GIPR agonists optimized for sustained duration of action and activity at
mouse GIPR. In all cases, peripheral injections of defined, selective
GIPR agonists clearly promoted modest body weight loss when
administered chronically to DIO mice. These effects are maintained in
mice lacking GLP-1R, and absent in mice lacking GIPR. Furthermore,
similar study with a selective, long-acting mouse GIPR antagonist at
high dose did not lower body weight in obese mice with chronic
therapy. The collective use of peptide agonists, peptide antagonists,
and mice lacking GIPR or GLP-1R substantiates GIPR agonism and not
antagonism to promote body weight loss in obese rodents.

2. MATERIALS AND METHODS

2.1. Peptide synthesis, purification and analysis

Peptides were prepared by automated Fmoc/t-Bu solid-phase meth-
odology employing a Symphony peptide synthesizer (Peptide Tech-
nology, Tucson, AZ) starting with Wang resin (AAPPtec, Louisville, KY)
and 6-CI-HOBY/DIC activation. All conventional residues were

purchased from Midwest Biotech (Fisher, IN), 6-CI-HOBt and DIC was
obtained from AAPPtec (Louisville, KY). Peptides were cleaved from the
resin and de-protected by treatment with TFA containing 2.5% TIS,
2.5% H»0, 1.5% methanol, 2.5% phenol, 0.5% DODT and 0.5% of
dimethylsulfoxide. Peptide was precipitated with cold ethyl ether from
a filtered TFA solution according to standard procedure. Peptides were
purified by preparative RP-HPLC on an Inspire-C8 (manually self-
packed, 21.2 x 250 mm, 10 um, DIKMA) and/or a Kinetex C8 (AXIA
supplied, 21.2 x 250 mm, 5 pum, Phenomenex) column with 0.05%
TFA/H,0 and 0.05% TFA/CH3CN as elution buffers. Purified peptides
were characterized by LC-MS (1260 Infinity-6120 Quadrupole LC-MS,
Agilent) on Kinetex C8 (4.6 x 75 mm, 2.6 um, Phenomenex) column
with 0.05% TFA/H,0 buffer employing a 5%—70% linear increase in
CH3CN over 15 min with 2.5 min delay, UV detection of absorbance at
A = 214 nm. All peptides were >95% pure as determined by
analytical HPLC. Aqueous peptide concentrations were assessed by UV
absorption at A = 280 nm as measured by a NanoDrop 1000 spec-
trophotometer (Thermo Scientific, Wilmington, DE). Extinction co-
efficients at A = 280 nm were calculated using online Peptide Property
Calculator (Innovagen, PepCalc.com).

We prepared a fatty-acylated GIP analog with selective antagonism at
mGIPR; N*Ac, K10[YEYE-C16], Arg18, hGIP(5—42). To do so the N-
terminal four amino acids of native GIP were excluded from the syn-
thesis and the peptide assembly was terminated by acetylation.
Acetylation was performed on resin in the presence of tenfold excess of
acetic anhydride/DIEA in DCM for 1 h. This peptide was fatty-acylated
on the side-chain of the lysine at residue 10 (native GIP numbering)
with a repeat y-glutamate, y-glutamate (YE,YE) spacer which was
terminated with a saturated palmitic acid (C16:0). Acylation was
performed on resin with tenfold excess of Fmoc-Glu-OtBu/DEPBT/
DIEA, repeated for double coupling, followed by tenfold excess of
palmitic acid/DEPBT/DIEA. Arginine was used as residue 18 (native GIP
numbering).

2.2. In vitro receptor activity

Each analog was tested for its ability to activate or inhibit the receptor
of interest through a cell-based luciferase reporter gene assay that
indirectly measures cAMP production. Unacylated analogs were tested
in the presence of 0.5% bovine serum albumin (BSA). Acylated analogs
were tested in the presence of 1% ovalbumin. HEK293 cells (ATCC,
CRL-1573) or BHK cells independently over-expressing the human or
mouse receptors and firefly luciferase reporter gene linked to CAMP
response element were used for the assays. The cells were serum
deprived for 16 h and then incubated with serial dilutions of standard
hormones or peptide analogs for 5 h at 37 °C, 5% CO; and 90%
humidity in 96 well poly-p-Lysine-coated “Biocoat” plates (BD Bio-
sciences, San Jose, CA). To measure GIPR receptor antagonism, the
cells were co-incubated with the native GIP at a constant concentration
equal to the EC5 of the respective native ligand and serial dilutions of
the analogs. GLP-1 and glucagon receptor antagonism was similarly
performed at their respective cells using native hormone at a constant
concentration equal to ECgq. At the end of the incubation period 50 p
SteadyLite luciferase substrate was added to each well. The plate was
sealed, shaken 10 min at 800 rpm in the dark and the luminescence
signal was measured using an EnSight multimode reader (Perkin—
Elmer, Waltham, MA), or a DTX-880 multimode detector (Beckman
Coulter, Brea, CA). Each peptide concentration was tested in duplicate
within the plate. GraphPad Prism 6 or Origin software was used to plot
signal versus peptide concentration graphs and ECsq for each indi-
vidual experiment was determined using non-linear three parameter
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regression analysis or sigmoidal fit with logistic function, Levenberg-
Marguardt integration algorithm and statistical weight assigned to
each data point. Reported EC5¢ and standard deviation (S.D.) values
represent averages from at least three independent experiments.

2.3. Mouse pharmacology studies

Energy metabolism studies were conducted in DIO male C57BI/6j mice
(Jackson Laboratories) fed an obesogenic diet (D12331; Research
Diets Inc., New Brunswick, NJ; 58% fat, 5.56 kcal/g). All dietary
challenges began at 8 weeks of age. Mice were group housed on a
12:12 h light—dark cycle at 22 °C, with free access to food and water.
Mice were maintained on the obesogenic diet for at least 16 weeks
prior to initiation of pharmacological studies. All injections and chal-
lenge tests were performed in the light cycle. Peptides were admin-
istered in phosphate buffer and as subcutaneous injections at the
indicated doses and frequency, at a volume of 5 pL per gram of
measured body weight. Mice were randomized and evenly distributed
into test groups (n = 8) according to body weight.

2.4. Glucose tolerance tests

For the analysis of glucose tolerance, mice had restricted access to
food for 6 h prior to the challenge test. Mice were intraperitoneally
injected with 2.0 g glucose per kg of BW [20% (wt/v) D glucose
(Sigma—Aldrich) in 0.9% (wt/v) saline]. Tail blood glucose concen-
trations (mg/dl) were measured using a handheld glucometer (Ther-
aSense Freestyle, Abbott). To measure the acute effects of the agonists
to improve glucose tolerance, mice were subcutaneously injected with
the test peptides 15 min prior to the glucose challenge. To measure the
acute effects of the fatty-acylated antagonist to inhibit the effects of a
bolus of a GIPR agonist on glucose tolerance, the peptide was sub-
cutaneously administered 120 min prior to the glucose challenge while
the fatty-acylated agonist was administered 60 min prior to the glucose
challenge. To measure the effects on glucose tolerance following
chronic treatment, the glucose tolerance test was performed 24 h after
previous subcutaneous injection of the test article.

2.5. Indirect calorimetry

Energy expenditure and respiratory exchange ratio were assessed
using a combined indirect calorimetry system (TSE Systems, Ches-
terfield, MO, USA). 0, consumption and CO, production were
measured every 15 min for a total of up to 120 h (after 48 h of
adaptation).

2.6. Genetically modified animals
Glpir—/— [27] and Gipr—/— [28] were generated as previously
described.

2.7. Statistics

Statistical analyses were performed using Graph Prism 6 (GraphPad
Software, San Diego, CA USA). Results are expressed as mean = SEM
unless otherwise specified. For multiple group comparison analysis,
one- or two-way ANOVA was used, as appropriate, followed by Dunnett
or Sidak post hoc adjustment. Repeated-measures ANOVA were also
used whenever appropriate. Differences with P values less than 0.05
were considered significant.

3. RESULTS
3.1. Structures and in vitro receptor activity of GIPR agonists

We first designed a GIP analog derived from the human GIP (hGIP)
sequence and proceeded to explore the in vitro pharmacology at
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Table 1 — /n vitro potency profiles of GIPR agonists at human and mouse

GIPR. Data reported as mean =+ standard deviation with at least three
independent experiments.

Modifications Abbreviation hGIPR mGIPR
ECso [pM] ECso [pM]
hGIP 58 + 2.6 35.6 + 16.1
Aib2 hGIP Aib2 39+17 11.7 £ 9.0
Arg18, Arg30, Ser34 mGIP 115+ 9.9 6.2 + 2.2
Aib2, Arg18, Arg30, Ser34 mGIP Aib2 43+19 39+1.2
Aib2, Arg18 hGIP Aib2 Arg18 30+11 34 +0.8
Aib2, Arg18 hGIP Aib2 Arg18 3.0+ 1.1 34+08
Aib2, Arg16, Cex hGIP Aib2 Cex* 38+14
Aib2, Cex hGIP Aib2 Cex 36+£1.2
Aib2, Lys43(YEYEYE-C16) Acyl hGIP Aib2 1.6 £ 0.9 84 +15

mouse and human GIPR (abbreviated sequences in Table 1; analytical
data in Table S1). Whereas mGIP and hGIP were equally potent at
human GIPR (hGIPR), the potency of hGIP at mouse GIPR (mGIPR) was
reduced by nearly fivefold relative to the potency of mGIP (Table 1). 2-
aminoisobutyric acid (Aib) was introduced at the second position to
enhance in vivo pharmacokinetic properties through proteolytic
resistance to DPP-IV. Substitution with Aib2 also increased potency of
hGIP at both human and mouse GIPR by approximately twofold. No
cross-reactivity was observed at mouse-derived GLP-1 or glucagon
receptors (data not shown).

3.2. Confirmation of in vivo mGIPR activity and selectivity
Translation of in vitro to in vivo mGIPR potency was assessed by
change in blood glucose response to a bolus injection of GIP analogs.
The human derived, Aib2 substituted GIP analog (hGIP Aib2) transiently
lowered ad libitum-fed blood glucose in wild-type mice (Figure 1A),
consistent with results following treatment with other DPP-IV protected
analogs [26]. This property was still evident in Glp1r—/—
mice (Figure 1B); however, hGIP Aib2 did not lower blood glucose in
Gipr—/— mice (Figure 1C), collectively demonstrating the in vivo
selectivity of this peptide to mGIPR.

3.3. GIPR mono-agonists lower body weight in DIO mice via food
intake mechanisms

The primary objective of this report was to explore body weight
regulation in non-diabetic rodents; as such, we assessed the weight-
lowering efficacy of chronic GIPR agonism. Wild-type DIO mice were
treated with two doses (20 and 60 nmol/kg) of native hGIP or hGIP Aib2
via daily subcutaneous injections for 14 days. For comparison pur-
poses, we tested a DPP-IV protected GLP-1 analog (GLP-1 Aib2 Cex)
[29]. Where native hGIP had negligible effect on body weight, likely the
result of rapid in vivo inactivation by DPP-IV processing, hGIP Aib2
dose-dependently decreased body weight (Figure 2A). The higher dose
treatment with hGIP Aib2 caused 8.7% body weight loss after two
weeks, whereas the equivalent dose of the GLP-1 analog resulted in a
10.5% body weight loss. Interestingly, the temporal dynamics of the
body weight loss was markedly different between the GLP-1 and GIP
analogs. Most of the weight loss induced by the GLP-1 analog was
achieved within the first three days of treatment and the daily loss in
body weight gradually diminished as treatment progressed, in part due
to the dissipation of its anorectic effects (Figure 2B). When compared
to the GLP-1 analog, the body weight loss induced by hGIP Aib2 was
slower in onset but became evident with repeat administration over
time. The reduction in food intake following hGIP Aib2 administration
was a critical component to the body weight loss, since comparable
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Figure 1: Acute blood glucose effects of GIPR agonism in mice. Effects on blood glucose over 2 h and AUC following a single injection of vehicle or hGIP Aib2 at 60 nmol/kg in lean
(A) wild-type mice (blue circles), (B) Gip1r—/— mice (dark blue circles), and (C) Gipr—/— mice (light blue circles). Animals (N = 8) were fasted for 2 h prior to a subcutaneous
injection of hGIP Aib2. AUC was calculated based on the change in blood glucose from time point t = 0 within each group. Data are presented as mean + SEM. *P < 0.05
compared with vehicle treated controls within each genotype and calculated using regular one-way or two-way ANOVA with Dunnett’s multiple comparisons test.

body weight loss was induced with pair-feeding as with two weeks of
daily treatment (Figure 2C,D).

The C-terminus of native GIP is prone to proteolytic cleavage to yield an
N-terminal fragment of 31-residues. We substituted it with the C-
terminal peptide derived from exendin-4 (Cex), as has been done
previously [5,25]. This substitution had minimal impact on human or
mouse GIPR in vitro potency relative to native hormones (Table 1), and
in DIO mice, hGIP Aib2 Cex was equally efficacious in lowering body
weight and reducing food intake as the hGIP analog without Cex
(Figure 2E,F). In a separate experiment aimed at assessing

54

mechanisms that support GIPR agonism-mediated weight loss, daily
treatment with hGIP Aib2 Cex induced an 8.6% body weight loss after
five days of treatment (Figure 2G) and significantly lowered food intake
(Figure 2H) in DIO mice, which aligns well with the first results. As
shown by indirect calorimetry, GIPR agonism did not increase energy
expenditure (Figure 2l), consistent with the results from pair-feeding
(Figure 2C,D), and did not change ambulatory activity (Figure 2J).
However, respiratory exchange ratio (RER) was decreased with hGIP
Aib2 Cex treatment relative to vehicle (Figure 2K), suggesting that GIP
partitions fuel utilization towards fat oxidation.
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Figure 2: GIPR agonism lowers body weight by food intake mechanisms in DIO mice. Effects in DIO mice (baseline body weight of 54.8 g) on (A) body weight change and (B)
cumulative food intake following daily subcutaneous injections of vehicle (black squares), native hGIP (green circles), hGIP Aib2 (blue circles), and GLP-1 Aib2 Cex (red circles) at doses
of 20 nmol/kg (light shading) or 60 nmol/kg (dark shading). Effects in DIO mice (baseline body weight of 44.5 g) on (C) body weight change and (D) cumulative food intake following
daily subcutaneous injections of vehicle (black squares), hGIP Aib2 at a dose of 60 nmol/kg (blue circles), and pair-fed vehicle treated mice (gray squares). Effects in DIO mice
(baseline body weight of 63.5 g) on (E) body weight change and (F) cumulative food intake following daily subcutaneous injections of vehicle (black squares), hGIP Aib2 (blue circles),
and hGIP Aib2 Cex* (teal circles) at a dose of 100 nmol/kg. Effects in DIO mice (baseline body weight of 59.4 g) on (G) body weight change, (H) cumulative food intake, (I) energy
expenditure, (J) locomotor activity, and (K) respiratory quotient, as measured by indirect calorimetry, following daily injections of vehicle (black squares) and hGIP Aib2 Cex (teal circles)
at a dose of 100 nmol/kg. Group sizes are N = 8 and data are presented as mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with vehicle treated controls within

each study unless otherwise indicated. Statistical analysis was calculated using regular two-way ANOVA with Dunnett’s multiple comparisons test when necessary (A—F).

3.4. GIPR mono-agonists require GIPR, not GLP-1R, for body
weight lowering benefit in DIO mice

Despite the specificity demonstrated by in vitro receptor profiling, the
effect on feeding observed with mGIPR mono-agonism raised the
possibility of cross-reactive in vivo pharmacological action at GLP-1R.
To address specificity in weight-lowering activity, hGIP Aib2 was
chronically administered to DIO mice that were deficient in Gipr (Gipr—/
—)or Glp1r(Glp1r—/=). Chronic treatment failed to lower body weight
in DIO Gipr—/— mice relative to wild-type littermates, while a GLP-1
analog control promoted body weight loss regardless of Gipr expres-
sion (Figure 3A,B). As expected, the GLP-1 analog failed to reduce body
weight in DIO Glp1r—/— mice (Figure 3C,D). In contrast, hGIP Aib2
lowered body weight to the same magnitude in DIO Glp7r—/— mice
relative to wild-type littermates (Figure 3C,D), indicating the effect to
be specific to GIPR activity.

3.5. Mouse derived GIPR agonists are more potent to lower body
weight in DIO mice

The translational impact of in vitro potency differences between mGIP
and hGIP (Table 1) was assessed by examining the effect of Aib2
protected analogs on body weight lowering over four weeks of
administration in DIO mice. Simultaneously, we determined whether
sustained daily exposure could enhance efficacy through comparison
of once (QD) and twice daily (BID) injections at equivalent total dose. In
general, BID administration led to increased body weight lowering
compared to QD dosing (Figure 4A). Furthermore, BID dosing of the

mGIP Aib2 analog caused more body weight loss (11.0% from base-
line) than identical treatment with hGIP Aib2 (8.0% from baseline)
(Figure 4A), which corresponds with the food intake effect (Figure 4B).
These results are consistent with the enhanced in vitro potency of
mGIP peptide at mGIPR (Table 1). Both analogs led to comparable
reductions in circulating insulin levels and improved glucose tolerance
at end of treatment (Figure 4C,D).

The pivotal mutation that governs the enhanced potency of mGIP was
reduced to His18Arg. Introduction of Arg18 into the hGIP Aib2
sequence increased in vitro potency at mGIPR such that it matched
mGIP Aib2 potency (Table 1). It represents a “murinized” analog of a
human peptide that has equal potency at mGIPR and hGIPR. The
improved mGIPR potency translated to an enhanced in vivo effect in
mice as an acute injection of mGIP Aib2 improved acute glucose
tolerance in DIO mice to greater extent than the comparable human
peptide when studied at two different doses (Figure 4E,H). Acute in-
jection of the “murinized” analog improved glucose tolerance to the
same extent as mGIP Aib2, which was also superior to the human
derived Aib2 analog (Figure 4E,H).

3.6. GIPR antagonism does not lower body weight in DIO mice

As a final, direct confirmation that GIPR agonism and not antagonism
lowers body weight in mice, we tested a selective, prolonged-acting
and potent GIP-based peptide antagonist in DIO mice. It is an N-
terminally shortened [30] and acetylated peptide that has been site-
specifically fatty acylated to support exposure allowing for daily
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subcutaneous dosing, and substituted with Arg18 to enhance potency
at mGIPR. This peptide antagonist hGIP(5—42) N*Ac K10[yEYE-C16]
Arg18 is herein referred to as “acyl GIPR antagonist.” It showed potent
antagonism at hGIPR (Figure 5A) and mGIPR (Figure 5C), albeit with
less relative potency at the latter. Importantly, this peptide did
not exhibit any degree of partial agonism at hGIPR (Figure 5B) or
mGIPR (Figure 5D) as was subsequently reported for the now mis-
characterized GIPR antagonist, Pro3 hGIP [31]. This antagonist also did
not demonstrate any cross-reactive antagonism to mouse GLP-1R
(Figure 5E) or mouse glucagon receptor (GcgR) (Figure 5E). When
administered to DIO mice two hours prior to a glucose tolerance test,
this antagonist lessened the improved glucose tolerance elicited by a
fatty acylated GIPR agonist; hGIP Aib2,K43[yEYEYE-C16], herein
referred to as “acyl GIPR agonist” (Figure 5G). This in vivo demon-
stration corroborates the in vitro characterization of this acyl GIPR
antagonist as a selective inhibitor of GIPR agonism.

When chronically administered to DIO mice as a daily subcutaneous
injection at doses of 300 nmol/kg or 1 umol/kg for ten days, the acyl
GIPR antagonist did not cause any measurable change in body weight
relative to vehicle controls (Figure 5H). These results clearly demon-
strate that reduction of endogenous GIP action via mGIPR antagonism
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alone does not lower body weight in obese mice. Comparative treat-
ment with 30 nmol/kg of the acyl GIPR agonist or with the fatty acylated
GLP-1R agonist, liraglutide, respectively lowered body weight by 7.2%
and 10.9%. Co-treatment resulted in a reduction of 20.5% (Figure 5H),
supportive of the beneficial virtues of dual incretin agonism in lowering
body weight [5]. In contrast, co-administration of acyl GIPR antagonist
with liraglutide resulted in body weight lowering effects indistin-
guishable from liraglutide alone (Figure 5H).

4. DISCUSSION

Employment of GIPR signaling, specifically the direction of this
manipulation, as a strategy to improve body weight remains a
contentious subject of intense scientific investigation [22,32,33].
Despite the physiological benefits of GIP on glucose control, the initial
direction in drug design was directed towards attenuating GIP action
with peptide antagonists for the treatment of patients with T2D and
obesity [34], and that assumption currently continues in scientific
research [35]. However, it has yet to be shown that an elevated level of
circulating GIP is a pathophysiological driver of T2D. Furthermore,
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Figure 3: hGIP Aib2 lowers body weight in DIO mice via GIPR. Effects on body weight change following daily subcutaneous injections of vehicle (black squares), hGIP Aib2 (blue
circles) and GLP-1 Aib2 Cex (red triangles) at a dose of 60 nmol/kg in DIO (A) Gipr+/+ (solid shapes with solid lines; baseline body weight of 53.2 g) and (B) Gipr—/— (open shapes
with dashed lines; baseline body weight of 45.9 g) littermates. Effects on body weight change following daily subcutaneous injections of vehicle (black squares), hGIP Aib2 (blue
circles) and GLP-1 Aib2 Cex (red triangles) at a dose of 60 nmol/kg in DIO (C) Glp1r+-/+ (solid shapes with solid lines; baseline body weight of 46.3 g) and (D) Glp7r—/— (open
shapes with dashed lines; baseline body weight of 39.5 g) littermates. Group sizes are N = 8 and data are presented as mean + SEM. *P < 0.05, **P < 0.01, and **P < 0.001
compared with vehicle treated controls within each genotype. Statistical analysis was calculated using regular two-way ANOVA with Dunnett’s multiple comparisons test.

56 MOLECULAR METABOLISM 20 (2019) 51—62 © 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

I

MOLECULAR
METABOLISM
...
2 }‘.7.
7 14 21 28

Time (d)

Vehicle

hGIP Aib2 (IUB 867; 60nmol/kg QD)

hGIP Aib2 (IUB 867; 30nmol/kg BID)
mGIP Aib2 (IUB 952; 60nmol/kg QD)
mGIP Aib2 (IUB 952; 30nmol/kg BID)

Q
A so B : oo
St [
- ek = 50
< o o
%-5 Fekk § § 40
< o7, 2E
g10 ] 8§D 20
< kK g 10
45— 3 0
0 7 14 21 28 0
Time (d)
£ 3
g, . g 300
c 107 o [0}
5 s 2 200
& o B
g 5 ¢ ﬁ S & @ 2100
0 o
I RARMA 2
o 0 om

Eg %0 F
=2} S~
£ EE
o 200 S E
2 N
S S 3
> 100 g
8 <=
e}
o gl
0 30 60 90 120
Time (min)
G f 300 H 30000
(o] c
E EZ
o 200 S E 20000
2 - %
S S3
© 100 8 £10000
o ~
] <
o]
m

0 30 60 90 120
Time (min)

(O y ‘ —
0 30 60 90 120

Time (min)

Vehicle

hGIP Aib2 (0.3 nmol/kg)
mGIP Aib2 (0.3 nmol/kg)

hGIP Aib2 Arg18 (0.3 nmol/kg)

o o o m

= Vehicle

hGIP2 Aib2 (1 nmol/kg)
mGIP Aib2 (1 nmol/kg)

hGIP Aib2 Arg18 (1 nmol/kg)

Figure 4: Mouse derived GIP is more potent at lowering body weight than human derived GIP. Effects in DIO mice (baseline body weight of 49.8 g) on (A) body weight change, (B)
cumulative food intake, (C) plasma insulin, and (D) glucose tolerance following daily (solid shapes) or twice-daily (open shapes) subcutaneous injections of vehicle (black squares),
hGIP Aib2 (blue circles) and mGIP Aib2 (teal circles) at equivalent daily dose of 60 nmol/kg. The BID treatment groups received two injections at a dose level of 30 nmol/kg each
separated by 8 h between injections. Effects in DIO mice on (E—H) acute glucose tolerance following a single subcutaneous injection of vehicle (black squares), hGIP Aib2 (blue
circles), mGIP Aib2 (teal circles) and hGIP Aib2 Arg18 (purple circles) at doses of (E, F) 0.3 nmol/kg (open shapes) or (G, H) 1 nmol/kg (solid shapes) given 15 min prior to the
glucose challenge. Group sizes are N = 8, and data are presented as mean + SEM. *P < 0.05, **P < 0.01, and **P < 0.001 compared with vehicle treated controls within each
study unless otherwise indicated. Statistical analysis was calculated using regular one-way or two-way ANOVA with Dunnett’'s multiple comparisons test.

counterintuitive for pharmacotherapies aimed to improve glucose
control. Despite these incongruences, it is important to note that the
studies comprising this report were not designed to address the
question of which direction to manipulate GIPR signaling for glycemic
benefit in diabetic rodent models, but rather to specifically address the
question of which direction to manipulate GIPR signaling for body
weight benefit in non-diabetic, genetically wild-type obese mice.

The proposition for GIPR antagonists as opposed to GIPR agonists for
the treatment of obesity largely originates from the report that
congenital global Gipr—/— mice are protected from diet-induced and
genetic-induced obesity [10]. Importantly and seemingly forgotten is
the comparable phenotype displayed by congenital Glp7r—/— mice
[36]. Furthermore, the [Pro3] GIP analog was shown to decrease body
weight in obese mice [37], and at the time of its original report, the
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body weight lowering effect was believed to be the product of GIPR
antagonism. However, this peptide has since been thoroughly tested
and is now re-characterized as a weak partial agonist at mGIPR [31].
Thus, those historical results on body weight should be interpreted
with caution but support mGIPR agonism in lowering body weight.
Therefore, to directly address this dichotomy as to which direction to
manipulate the GIP system for therapeutic benefits in obesity, a series
of precise chemical reagents were developed and studied for their
pharmacological effects in obese rodents.

There are appreciable opportunities to improve the pharmacological
profile of GIP by chemical optimization. As such, the GIP analogs re-
ported herein were specifically advanced to address the question of
how GIPR agonism affects body weight in DIO mice with chronic
dosing. Through a series of diagnostic studies measuring the acute
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Figure 5: Antagonism of mGIPR does not cause weight loss in DIO mice. In vitro receptor potency of hGIP(5—42) N*Ac K10[YEYE-C16] Arg18 tested for (A) hGIPR antagonism, (B)
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effects on basal glucose levels in wild-type, Gipr—/—, and Glp1r—/—
mice, we demonstrate that these GIP analogs are selective for mouse
GIPR and suitable for studies to specifically address the effects of GIPR
mono-agonism on body weight in obese mice. Chronic administration
to DIO mice caused meaningful body weight loss in numerous DIO
mouse studies using several structurally different analogs, but rela-
tively high doses were required. This latter notion is important as
chronic, twice daily administration of D-Ala2 GIP analogs to DIO mice
did not result in significant body weight change [26], likely due to using
subthreshold doses, which notably were lower than doses used here
with the Aib2 GIP analogs.

Our results also indicate that the human and mouse sequences
demonstrate differential potency at mGIPR, but not hGIPR. This largely
recapitulates previous results [31], and the pivotal amino acid change
influencing potency among the three differences between human and
mouse GIP is His18Arg. Protection against DDP-IV cleavage by
incorporation of Aib2 also increased in vitro and in vivo potency.
Noteworthy is our discovery that Aib2 enhances in vitro potency at
mGIPR when incorporated into the human GIP sequence. One potential
explanation for the lack of body weight lowering effects of other re-
ported GIPR agonists [21,25] could be due to this species divergence
and subsequent reduced potency at mGIPR as that pharmacological
aspect was not previously studied in those reports.

Extending time action is another strategy to increase in vivo efficacy.
Twice daily administration of the unacylated analogs herein caused
greater body weight loss in DIO mice than the equivalent dose
administered as a single daily injection, suggesting that protracted
time action should yield more effective therapy. As such, we report a
fatty acylated, Aib2 substituted analog of hGIP lowered body weight in
DIO mice following chronic administration. However, the pharmaco-
kinetic profile for this analog was not studied but is expected to be
similar to comparably acylated peptides such as liraglutide. This effect
size on body weight is consistent with that achieved with chronic BID
administration of another equivalent acylated analog, although statis-
tical significance was not reached in that study [21]. However, another
long-acting GIP analog, presumably lipidated with a diacid-based fatty
acid although the structure was not reported, failed to significantly
lower body weight in DIO mice at high doses; however, potency at
mGIPR was not reported for that analog either [8].

Native, full-length GIP has limited aqueous solubility and is prone to
aggregation in liquid formulations. Since the C-terminal tail of GIP is
dispensable for activity at the receptor [38], we chose to explore more
radical modifications to this region. The C-terminal tail of native GIP
can be replaced with the C-terminal extension of exendin-4 (Cex) to
improve biophysical properties and physiological stability, and notably
has been utilized in other GIPR agonists [5,25]. Our Cex-substituted
analogs proved similarly efficacious on body weight as GIP analogs
with a native C-terminal tail, however C-terminally truncated molecules
were not studied for effects on body weight.

Recent commercialization attempts have focused on attenuating GIP
action for metabolic benefits. An intellectual property filing (W02017/
112824) shows that treatment with an anti-GIPR antibody alone slows
body weight gain in growing DIO mice and obese monkeys, and po-
tentiates the body weight benefits of GLP-1R agonists. Sufficient peer
review is required to verify the results, particularly the selectivity profile
towards GIPR since antibodies directed to G protein-coupled receptors
can be promiscuous. It has been speculated, albeit not rigorously
tested, that the acute effects of GIP on adipose tissue vasoactivity and
fatty acid re-esterification in humans would eventually progress to
increased adiposity with continuous exposure [39]. However, it is
important to note that the contributing effects of insulin cannot be
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excluded, and GLP-1 has also been shown to increase adipose tissue
blood flow [40] yet GLP-1 pharmacology does not promote weight gain.
In several recent reports detailing the acute administration of peptide-
based GIPR antagonists optimized for clinical use, it has been postu-
lated that chronic GIPR antagonism can be utilized as a potential
therapeutic strategy for the treatment of obesity [32,35]. These
peptide-based GIPR antagonists have been rationally designed through
a series of structure-activity relationships and characterized in vitro at
the family of receptors [41]. In healthy human volunteers, one such
antagonist (hGIP (3—30)-NH,) blocked a majority of the insulinotropic
response as a result of the GIP co-infusion [42] and blocked the
vasoactivity induced by an acute bolus infusion of GIP [32]. At mini-
mum, these studies clearly demonstrate the ability of this antagonist to
block physiological responses attributed to GIP but stop short in
demonstrating an effect on body weight. Based on these results, it was
speculated that antagonizing GIPR would be of value to improve body
weight in humans and is a basis for recent commercialization efforts
(W02016/034186). However, none of these reports study whether
chronic therapy with a peptide-based GIPR antagonist induces body
weight loss, promotes weight gain or exacerbates HFD-induced weight
gain in chronic preclinical pharmacology studies. Such chronic studies
are likely hindered because an insufficiently short half-life and limited
solubility to support chronic infusion studies. Additionally, species-
specific differences in the receptor pharmacological profile also
complicate the preclinical study of this analog. This antagonist [hGIP
(3—30)-NH,] shows a substantially reduced affinity for the rat GIPR
relative to hGIPR [33,43]. A rat-derived GIP (3—30)NH» sequence is
also limited by a partial agonistic profile at GIPR [31], again highlighting
the difficulties in translational research particularly evident with the GIP
system.

To directly address whether pharmacological attenuation of physio-
logical GIP provides therapeutic benefits in obese mice, we pursued a
selective long-acting antagonist to complement the work we report on
GIPR agonism. We report a GIP analog of sufficient aqueous solubility
that employs a shortened N-terminus [30], the Arg18 substitution, and
a site-specific fatty-acylation to achieve selective, high potency
antagonism at mouse and human GIPR. While this acyl GIPR antagonist
is of lesser potency at mGIPR relative to hGIPR and could benefit from
further chemical refinement if it were to be advanced to clinical study,
it is suitable for preclinical pharmacology study in mice. This acylated
GIPR antagonist blocked GIPR agonist-induced improvements in
glucose tolerance in DIO mice, and had no apparent effect on body
weight in DIO mice following high dose chronic therapy, demonstrating
that inhibition of endogenous GIP does not promote body weight loss.
Co-treatment of liraglutide with this acyl GIPR antagonist also did not
result in additional body weight lowering benefit, which importantly
was evident upon co-treatment with GIPR agonists. These collective
results once again illustrate the amplification of GLP-1R agonist-
induced weight lowering with GIPR agonism [5,8], and not with GIPR
antagonism. The pharmacokinetic profile of this antagonist was not
studied but is expected to be comparable to the acylated agonist that
we utilized. These results of synergistic body weight lowering with co-
agonism and no evidence of anti-obesity activity in GIPR antagonism
when administered alone or in concert with GLP-1 agonism convinc-
ingly addresses the primary objective of this report.

The mechanism of action that drives the body weight lowering benefits
of GIPR agonism has yet to be fully elucidated, and is not the primary
purpose of this report. The body weight loss induced by selective
mGIPR agonism appears to be predominantly driven by food intake, as
interpreted from pair-feeding and indirect calorimetry studies, which is
consistent with previous studies of co-agonists [5,8]. Although not
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studied here, this suggests the engagement of neural circuits in the
brain involved in feeding regulation, which is consistent with central
food intake suppression observed after central administration of GIP
and GLP-1 [44]. Whether the engagement is directly mediated by GIPR
signaling in the brain is a question that remains to be investigated, but
the lack of weight-lowering effects of other GIPR agonists in leptin-
deficient mice [25] suggests a peripheral to central connection. As
GIPR is expressed in adipose tissues and involved in various aspects of
lipid homeostasis [45], GIPR-mediated body weight lowering could be
the consequence of improved insulin sensitivity, thus lessening the
dysregulated lipogenesis observed in hyperinsulinemic obesity, which
could explain the lack of body weight lowering observed in insulino-
penic obese mice when other GIP analogs were used [25]. GIPR
mediated effects on immunometabolism can also contribute to
improved systemic metabolism and adipocyte function [46]. It also
cannot be excluded that the preferential direction to manipulate the
GIPR system can differ based on tissue and site of action such that
analogs that favor more central nervous system biodistribution or
analogs that have tissue-specific receptor modulator function, such as
selective antagonism at adipose GIPR and functional agonism at islet,
myeloid, and brain GIPR, would be beneficial. We expect that the use of
quality pharmacological tools as reported here, in combination with
precise GIPR expression mapping, conditional Gipr—/— mice, and
more sophisticated pharmacology studies will be valuable in delin-
eating the mechanisms driving the therapeutic benefits of GIP action on
body weight control.

5. CONCLUSION

The benefits of GIP to improve glucose homeostasis have been clas-
sically counteracted by historical observations about its potential
obesogenic activity, which have reduced the interest in its develop-
ment as therapy for the treatment of metabolic disease. In fact, some
recent literature and drug development programs still advocate for
GIPR antagonism, as opposed to GIPR agonism, to elicit therapeutic
benefits in cardiometabolic diseases despite mounting clinical evi-
dence suggesting GIPR agonism is the preferred direction, at least
when in combination with GLP-1R agonism. Here, we combine refined
biological and chemical tools to show that chronic GIPR agonism alone,
not antagonism, lowers body weight in obese mice. Collectively, these
results herein with chemically refined GIPR agonists of protracted time
action that possess high potency, selective activity at mouse receptors
have repeatedly improved body weight in DIO mice, and structural
optimization to improve potency, time action, and biophysical prop-
erties can enhance the pharmacological profile of GIP analogs. These
preclinical results, together with emerging clinical combinatorial
pharmacology results, provide a clear answer to the longstanding
scientific debate on whether to amplify or attenuate GIP action for body
weight benefit.
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