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Anti-obesity effects of GIPR antagonists alone and in 
combination with GLP-1R agonists in preclinical models
Elizabeth A. Killion1*, Jinghong Wang2*, Junming Yie1*†, Stone D.-H. Shi3,  
Darren Bates3, Xiaoshan Min4, Renee Komorowski1, Todd Hager5, Liying Deng1,  
Larissa Atangan1, Shu-Chen Lu1, Robert J. M. Kurzeja1, Glenn Sivits1, Joanne Lin3,  
Qing Chen3, Zhulun Wang4, Stephen A. Thibault4, Christina M. Abbott3, Tina Meng3, 
Brandon Clavette6, Christopher M. Murawsky6, Ian N. Foltz6, James B. Rottman7,  
Clarence Hale1, Murielle M. Véniant1, David J. Lloyd1‡

Glucose-dependent insulinotropic polypeptide (GIP) receptor (GIPR) has been identified in multiple genome- 
wide association studies (GWAS) as a contributor to obesity, and GIPR knockout mice are protected against diet- 
induced obesity (DIO). On the basis of this genetic evidence, we developed anti-GIPR antagonistic antibodies as a 
potential therapeutic strategy for the treatment of obesity and observed that a mouse anti-murine GIPR antibody 
(muGIPR-Ab) protected against body weight gain, improved multiple metabolic parameters, and was associated with 
reduced food intake and resting respiratory exchange ratio (RER) in DIO mice. We replicated these results in obese 
nonhuman primates (NHPs) using an anti-human GIPR antibody (hGIPR-Ab) and found that weight loss was more 
pronounced than in mice. In addition, we observed enhanced weight loss in DIO mice and NHPs when anti- GIPR 
antibodies were codosed with glucagon-like peptide-1 receptor (GLP-1R) agonists. Mechanistic and crystallographic 
studies demonstrated that hGIPR-Ab displaced GIP and bound to GIPR using the same conserved hydrophobic 
residues as GIP. Further, using a conditional knockout mouse model, we excluded the role of GIPR in pancreatic 
-cells in the regulation of body weight and response to GIPR antagonism. In conclusion, these data provide pre-
clinical validation of a therapeutic approach to treat obesity with anti-GIPR antibodies.

INTRODUCTION
Glucose-dependent insulinotropic polypeptide (GIP) and glucagon- 
like peptide-1 (GLP-1) are gut-derived incretin hormones, known for 
their ability to augment glucose-stimulated insulin secretion and, in 
the case of GLP-1, also to promote satiety. GLP-1 analogs are mar-
keted for the treatment of type 2 diabetes (T2D) and obesity. GIP ago-
nists, on the other hand, have not been developed for these diseases, 
owing to its impaired insulinotropic effect in patients with T2D (1).

GIP is secreted from K cells located in the proximal small intes-
tine, whereas GLP-1 is secreted from L cells located in the lower small 
intestine and colon. Dietary carbohydrate and fat are potent stimu-
lants of GIP secretion in humans (2), and meal size (3) and obesity 
(4), but not diabetes (5), are positively correlated with postprandial 
GIP secretion (3). High-fat diet (HFD)–fed rodents have increased 
GIP secretion from K cells (6, 7), and similarly, acute HFD feeding in 
humans also results in 42% increase in circulating GIP concentra-
tions before any noticeable body weight increase (8), indicating a posi-
tive correlation between exposure to HFD and GIP concentrations. 

As a result, HFD and elevated systemic concentrations of GIP may 
underlie differences in adiposity between human subjects.

GIP activity in the pancreas and potentiation of insulin secretion 
are elicited via Gs protein signaling and cyclic adenosine mono-
phosphate (cAMP) production by activation of the GIP receptor 
(GIPR). The incretin effect of GIP is ablated in GIPR knockout (KO) 
mice that exhibit impaired oral glucose tolerance as a result of re-
duced insulin secretion (9). GIP also directly activates GIPR in adi-
pocytes (10), resulting in fatty acid uptake and incorporation into 
adipose tissues (11), possibly via lipoprotein lipase (12); promotes 
glucose uptake, fatty acid synthesis, and fatty acid incorporation 
into triglycerides; and stimulates lipolysis and subsequent fatty acid 
reesterification (13–16).

GIPR has been identified in genome-wide association studies 
(GWAS) of body mass index (BMI) measurements (17), and the 
single-nucleotide polymorphism (SNP) rs1800437 in GIPR results 
in a nonsynonymous change, altering the protein sequence from 
glutamic acid to glutamine at residue 354 (E354Q), and the associ-
ated obesity risk allele E354, leading to an obesity odds ratio of 1.1 
(17). Reciprocally, Q354 is associated with a reduced incretin effect 
(18) and delayed GIPR membrane recycling (19), suggesting that 
Q354 exhibits lower GIPR activity than E354, allowing speculation 
that higher GIPR activity is obesity promoting. This is validated by 
the observations that GIP, K cell, and GIPR KO mice are all resis-
tant to HFD-induced obesity and insulin resistance (9, 20, 21).

Together, the mouse and human genetic evidence, coupled with 
the established role of GIPR in pancreatic -cells and adipocytes, 
supports the concept of developing a therapeutic GIPR antagonist 
for the treatment of obesity. For these reasons, we developed both 
mouse anti-murine (muGIPR-Ab) and human anti-human antago-
nistic antibodies (hGIPR-Ab) against GIPR and evaluated their 
pharmacological activity in vitro and in obese mice and NHPs.
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RESULTS
A mouse anti-murine GIPR antibody prevents body weight 
gain in diet-induced obese mice
We developed a mouse anti-murine monoclonal GIPR antibody 
(muGIPR-Ab) that fully neutralized GIPR activity by inhibiting cAMP 
production in mouse GIPR–expressing cells in vitro (Fig. 1A). To eval-
uate muGIPR-Ab in vivo, we developed a pharmacodynamic (PD) 
assay based on the insulinotropic effect of GIP. Using a long-acting 
GIP analog, [d-Ala2]-GIP (DA-GIP), we carried out a modified glu-
cose tolerance test (GTT) in diet-induced obesity (DIO) mice. Glucose 
and DA-GIP challenge increased serum insulin concentrations at 30 min 
and reduced blood glucose excursion at 60 min compared to glucose and 
vehicle only (Fig. 1, B and C, black and white bars, respectively). Treat-
ment of DIO mice with muGIPR-Ab before the PD assay dose-dependently 
abolished the insulinotropic effect of DA-GIP (Fig. 1B) and resulted 
in higher glucose concentrations at 60 min (Fig. 1C), demonstrating that 
muGIPR- Ab was also an effective GIPR antagonist in vivo. Serum concen-
trations of muGIPR-Ab were measured to establish a pharmacokinetic 
(PK)–PD relationship and in vivo half-maximal inhibitory concen-
tration (IC50) of 42.4 nM and half-maximal response (EC50) of 122 nM 
with insulin and glucose concentrations, respectively (fig. S1, A and B).

To determine the chronic effect of muGIPR-Ab in DIO mice, we 
dosed muGIPR-Ab or a non-neutralizing anti-GIPR antibody (CTL-Ab) 
for 45 days. muGIPR-Ab treatment resulted in lower body weights 
than the CTL-Ab treatment (Fig. 1, D and E). After 33 days of treat-
ment, fat mass was, on average, 37% lower (Fig. 1F), with a minimal 
(5.3%) change in lean mass (Fig. 1G) in mice treated with muGIPR-Ab 
(30 mg/kg) compared to CTL-Ab. These findings were supported by 
reduced white adipose tissue (WAT) mass (Fig. 1H), and this reduc-
tion in adiposity was reinforced by reduced macrophage infiltration 
we observed in epididymal WAT as indicated by F4/80 immunos-
taining (fig. S2A).

Fasting blood glucose and serum insulin concentrations were re-
duced in mice treated with muGIPR-Ab compared to CTL-Ab (Fig. 1, 
I and J), whereas there was no improvement in glucose tolerance in an 
intraperitoneal GTT (IPGTT), which directly assessed glucose tolerance 
without being confounded by the possible alteration of incretin function 
(Fig. 1K). Further, treatment with muGIPR-Ab reduced liver weight and 
triglyceride concentrations compared to CTL-Ab (fig. S2, B and C). These 
improvements were supported by reduced lipid-rich cytoplasmic mi-
crovesicles in midzonal/centrilobular hepatocytes, as assessed by analyz-
ing hematoxylin and eosin– and adipophilin-stained sections (fig. S2D).
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Fig. 1. muGIPR-Ab prevents weight gain in DIO mice. (A) cAMP in cells expressing mouse GIPR with mouse GIP (black) or muGIPR-Ab + 15 pM mouse GIP (red) (n = 2 
replicates per treatment). (B) Serum insulin and (C) blood glucose concentrations were measured after intraperitoneal injection of DA-GIP (50 nmol/kg) and glucose (2 g/kg) 
in DIO mice pretreated with vehicle or muGIPR-Ab (n = 8 mice per group). (D to K) DIO mice fed HFD for 11 weeks were treated with control antibody (CTL-Ab) or muGIPR- Ab 
(n = 10 mice per group). (D) Body weight was measured and used to calculate (E) percent change in body weight from day 0 to 46. (F) Fat mass and (G) lean mass were 
determined on day 33. (H) Epididymal WAT weight was measured at the end of the study. Four-hour fasting (I) blood glucose and (J) serum insulin concentrations were 
measured on day 35. (K) IPGTT was conducted on day 28, and post-challenge blood glucose area under the curve (AUC) was calculated (inset). Data represent means ± SEM. 
One- or two-way repeated-measures analysis of variance (ANOVA) with Sidak’s test for multiple comparisons [F to K (inset) and B, C, and K, respectively]; *P < 0.05, **P < 0.01, 
and ***P < 0.001 versus control (vehicle either with or without DA-GIP) as indicated (B and C) or versus CTL-Ab (D to K).
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muGIPR-Ab enhances body weight loss in combination with 
the GLP-1R agonist liraglutide in DIO mice
Next, we compared muGIPR-Ab to a current anti-obesity standard 
of care, the GLP-1 analog liraglutide. DIO mice were administered 
vehicle, muGIPR-Ab alone, liraglutide alone, or a combination of 
muGIPR-Ab and liraglutide for 38 days. By the end of the study, the 
vehicle group increased in body weight by 5.4%, muGIPR-Ab alone 
prevented body weight gain (because this group only gained 0.5% from 
baseline), and liraglutide alone resulted in 7.2% weight loss (Fig. 2, 
A and B). The combination of muGIPR-Ab and liraglutide resulted 
in 23.5% weight loss (Fig. 2, A and B), which is greater than the po-
tential additive effect of the two therapies alone. Fat (Fig. 2C) and 
lean mass (fig. S3A) were reduced in both the liraglutide alone and 
combination groups compared to vehicle, and changes in fat mass 
were also reflected in WAT weights (fig. S3, B and C). Liver weight 
also decreased in all groups receiving treatment (fig. S3D). Food con-
sumption was measured during treatment days 1 to 4 and days 21 to 24 
and was unchanged by muGIPR-Ab alone (Fig. 2D). Both liraglutide 
alone and the combination treatment resulted in greater than 50% 
reduction in food intake during days 1 to 4 (Fig. 2D), an effect that 
waned by the end of the study (Fig. 2D, days 21 to 24). Despite the en-
hanced weight loss by the combination of muGIPR-Ab and liraglutide, 
the anorectic effects were not similarly decreased when the two mole-
cules were combined (Fig. 2D). Consistent with the data presented in 
Fig. 1 (I and J), muGIPR-Ab reduced fasting blood glucose and serum 
insulin concentrations compared to vehicle, and as expected, liraglutide 
improved both measures (Fig. 2, E and F). muGIPR-Ab and liraglutide 
combined resulted in reduced insulin concentrations compared to 
liraglutide alone (Fig. 2F). In this study, we chose to directly assess 
glucose tolerance in the context of any potential incretin changes by 
challenging the animals with an oral GTT (OGTT). Glucose tolerance 
was unchanged with muGIPR-Ab treatment compared to vehicle 
but was similarly improved by liraglutide alone and the combination 
treatment (Fig. 2, G and H).

To find any hormonal changes that might underpin the anti- 
obesity effects of muGIPR-Ab, we analyzed terminal serum samples 
for pancreatic- and digestive-related hormones (fig. S3E). We found 
that peptide YY, pancreatic polypeptide, ghrelin, glucagon, and 
amylin were not altered by muGIPR-Ab treatment alone or in com-
bination with liraglutide (fig. S3E). GIP concentrations were not 
altered by muGIPR-Ab but were reduced in the liraglutide alone 
and combination groups (fig. S3E). GLP-1 concentrations were in-
creased only by liraglutide alone, possibly a result of assay cross- 
reactivity with liraglutide (fig. S3E). Consistent with the observed 
insulin changes, C-peptide concentrations were reduced in all treat-
ment groups (fig. S3E).

Despite improvements in fasting blood glucose and serum insulin 
concentrations and reductions in adiposity in the muGIPR-Ab–treated 
DIO mice, glucose tolerance was not improved (Figs. 1K and 2G). 
This discrepancy in glucose homeostasis could reflect an alteration 
in incretin function due to reduced GIPR -cell activity. To explore 
this more carefully, we conducted an OGTT in DIO mice after a single 
muGIPR-Ab injection and assessed insulin secretion 24 hours after 
treatment (fig. S4, A and B). Glucose tolerance was unchanged by 
muGIPR-Ab despite diminished insulin secretion, demonstrating 
that although incretin function was altered, glucose tolerance remained 
intact, possibly reflecting peripheral improvements in glucose ho-
meostasis with muGIPR-Ab. These data demonstrate that although 
glucose tolerance was not improved as measured by blood glucose 
concentrations per se, glucose homeostasis was improved when con-
sidering the accompanying reductions in insulin concentrations, in 
both the fasting (Figs. 1J and 2F) and postprandial states (fig. S4B).

Up to this point, we had administered muGIPR-Ab twice weekly at 
doses of ≥25 mg/kg to ensure maximal target coverage and weight 
loss effects. We next determined the PK of muGIPR-Ab to allow a 
more precise dosing regimen. After a single intraperitoneal injection, 
muGIPR-Ab demonstrated a terminal half-life (t1/2,z) of 11.9 to 13.4 days 
and an apparent clearance (CL/F) of 2.2 to 2.5 ml day−1 kg−1 over a dose 
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Fig. 2. muGIPR-Ab enhances body weight loss in combination with the GLP-1R agonist liraglutide in DIO mice. Established DIO mice fed HFD for 30 weeks were treated 
with vehicle, muGIPR-Ab (30 mg/kg, twice a week), and liraglutide (0.3 mg/kg, once a day) alone or in combination (n = 10 mice per group unless otherwise specified). 
(A) Body weight was measured and used to calculate (B) percent change. (C) Fat mass was measured on day 38. (D) Food consumption was measured during treatment 
days 1 to 4 and 22 to 24 (n = 3 to 8 mice per group). (E) Fasting blood glucose and (F) serum insulin concentrations were measured on day 39. (G) OGTT was performed on 
day 25 from which (H) AUC was calculated. Data represent means ± SEM. One- or two-way repeated-measures ANOVA both with Sidak’s test for multiple comparisons (C, E, 
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range of 1 to 100 mg/kg (fig. S5). A maximum effect in the acute PD 
assay was achieved with muGIPR-Ab (25 mg/kg), which correlated 
with a mean serum concentration of 2250 nM (fig. S1, A and B), and 
allowed us to determine that muGIPR-Ab (25 to 30 mg/kg) dosed 
weekly was sufficient to provide maximal target coverage, and we 
adjusted subsequent experimental dosing accordingly.

The enhanced weight loss of the muGIPR-Ab and liraglutide 
combination also extended to the other GLP-1R agonists exendin-4 
and dulaglutide (Fig. 3, A and B). Heavier DIO mice were treated 
with muGIPR-Ab, each GLP-1R agonist, or a combination of 
muGIPR-Ab and each agonist (Fig. 3, A and B), and in each case, 
the combination treatment resulted in a greater body weight reduc-
tion than the monotherapy.

To investigate whether muGIPR-Ab could augment weight loss 
preestablished by liraglutide, we sequentially dosed muGIPR-Ab 
after a period of liraglutide treatment. DIO mice were administered 
two doses of liraglutide for 2 weeks to establish stable weight loss and 
were then further subdivided into two groups: one to receive liraglutide 
treatment only and the other to additionally receive muGIPR- Ab for 
2 weeks. In both liraglutide dose groups, muGIPR- Ab enhanced the 
preestablished weight loss (Fig. 3, C and D), demonstrating that simul-
taneous combination therapy is not essential for the enhanced effect 
of the GLP-1R agonists and GIPR antagonism on weight loss. At the 
initiation of the muGIPR-Ab augmentation period, we observed a 
reduction in food intake in each combination group compared to the 
control group maintained on liraglutide only (Fig. 3E, days 15 to 17). 
This additional anorectic effect of sequential combination was not 
observed with simultaneous combination (Fig. 3E), suggesting that 
our ability to detect an effect on food intake was improved with this 
sequential study design.

To further explore the effect on food consumption, we assessed 
the potential of muGIPR-Ab to sensitize DIO mice to the anorectic 
effects of GLP-1R agonism. DIO mice were pretreated with muGIPR- 
Ab for 24 hours and then treated with a dose range of liraglutide, 
and body weight and food consumption were measured after 24 hours. 
A small improvement in weight loss by muGIPR-Ab and liraglutide 
was observed compared to liraglutide alone at the highest dose 
(Fig. 3F), consistent with the observations of chronic weight loss; 
however, muGIPR-Ab did not increase in vivo anorectic sensitivity 
to liraglutide on food intake (Fig. 3G).

The ability of muGIPR-Ab to prevent weight gain alone and 
to reduce body weight in combination with GLP-1R agonism 
is independent of pancreatic -cell GIPR
On the basis of findings by Campbell et al. (22) showing that mice with 
-cell–specific KO of GIPR have increased sensitivity to exogenous 
GLP-1–stimulated insulin secretion, we hypothesized that inhibition 
of GIPR in pancreatic -cells by muGIPR-Ab may also sensitize mice 
to GLP-1–mediated weight loss. Therefore, we generated GIPR-floxed 
mice (Giprfl/fl) (schematic representation in fig. S6A), and the Giprfl/fl 
mouse was mated to a mouse expressing Cre recombinase driven by 
the rat insulin promoter, which we subsequently confirmed by test 
mating to R26R mice (fig. S6B) (23) to produce a line of GIPR -cell–
specific KO mice (Gipr−/−Cell). Gipr RNA expression was reduced by 
65% in isolated pancreatic islets from Gipr−/−Cell mice compared to 
Giprfl/fl littermates, with residual Gipr expression in islets likely from 
non–-cells in the islets (Fig. 4A) (24, 25). We confirmed that GIPR 
activity was ablated in -cells by demonstrating that Gipr−/−Cell mice 
were refractory to GIP-stimulated insulin secretion (Fig. 4B).

Consistent with the previously published model (22), Gipr−/−Cell 
mice showed no differences in body weight (Fig. 4C) or fat mass 
(Fig. 4D) compared to Giprfl/fl mice after 11 weeks of HFD feeding. 
However, Gipr−/−Cell mice had a 2-g reduction in lean mass com-
pared to Giprfl/fl (fig. S6C), which had not been previously reported. 
In addition, Gipr−/−Cell mice demonstrated 30% lower fasting blood 
glucose (Fig. 4E) without a difference in fasting serum insulin (Fig. 4F), 
which suggests improved insulin sensitivity compared to Giprfl/fl 
mice in line with the improved homeostatic model of insulin resis-
tance (HOMA-IR) (Fig. 4G).

To determine the role of -cell GIPR in the prevention of body 
weight gain by muGIPR-Ab or in weight loss when combined with 
GLP-1R agonism, we treated the same Giprfl/fl and Gipr−/−Cell mice 
previously fed a HFD for 11  weeks with vehicle, muGIPR-Ab 
alone, dulaglutide alone, or a combination of muGIPR-Ab and 
dulaglutide for 38 days. In this case, we chose dulaglutide because 
we had demonstrated that the enhanced effects of muGIPR-Ab with 
liraglutide were also observed with dulaglutide (Fig. 3, A and B). 
Giprfl/fl and Gipr−/−Cell mice did not differ in their body weight re-
sponse to any of the treatments (Fig. 4, H and I, and fig. S6, D and 
E). Furthermore, Giprfl/fl and Gipr−/−Cell mice did not differ in fat 
mass, lean mass, inguinal WAT weight, or liver weight in response 
to any treatment (Fig. 4J and fig. S6, F to H, respectively); however, 
a small reduction was observed in the epididymal WAT weights of 
Gipr−/−Cell mice treated with muGIPR-Ab compared to Giprfl/fl mice 
treated with muGIPR-Ab (fig. S6I). In addition, no differences were 
detected in food consumption between the two lines of mice within 
each treatment group (fig. S6J).

Glucose homeostasis was similarly improved by both the dulaglutide 
alone and the combination treatment in both lines of mice, as illustrated 
by lower blood glucose (Fig. 4K) and serum insulin concentrations 
(Fig. 4L). Vehicle-treated Gipr−/−Cell mice had lower HOMA-IR com-
pared to vehicle-treated Giprfl/fl mice, and Giprfl/fl mice treated with 
muGIPR-Ab similarly improved HOMA-IR (Fig. 4M), indicating a 
possible role for -cell GIPR in the regulation of glucose homeostasis 
independent of weight loss.

Because these data establish a lack of an effect of GIPR in -cells 
for the mechanism of muGIPR-Ab to prevent weight gain, we in-
vestigated differences in adipose-specific hormones in terminal serum 
samples. We observed no differences between treatment groups or 
between lines of mice, other than the expected decrease in leptin asso-
ciated with decreased fat mass after combination treatment (fig. S6K).

muGIPR-Ab reduces food consumption and the respiratory 
exchange ratio in DIO mice
To identify any physiological changes that could account for the 
anti-obesity effects of muGIPR-Ab, we performed indirect calorim-
etry continuously in DIO mice treated with either vehicle, muGIPR- 
Ab, or CTL-Ab for 40 days. To mimic the study in Fig. 1D, we chose 
DIO mice with a short pre-exposure to HFD to maximize the po-
tential effects of muGIPR-Ab. As expected, muGIPR-Ab prevented 
weight gain (Fig. 5, A and B) and was associated with reduced cu-
mulative food consumption (Fig. 5C). No changes were observed in 
oxygen consumption (VO2) or in carbon dioxide production (VCO2) 
(Fig. 5, D and E, respectively). There was a pronounced reduction 
in the respiratory exchange ratio (RER) during the light period of 
muGIPR-Ab–treated mice, reflecting greater lipid oxidation in 
resting mice (Fig. 5F). Physical activity was unchanged by muGIPR-Ab 
treatment (Fig. 5G).
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Fully human anti-GIPR antibody specifically inhibits GIPR 
activity in vitro and in human adipocytes and islets ex vivo 
by displacing GIP
We identified a fully human monoclonal anti-human GIPR anti-
body (hGIPR-Ab) to further pursue GIPR antagonism as a potential 
therapeutic strategy for obesity. hGIPR-Ab antagonized human 
GIPR activity by inhibiting GIP-induced cAMP production in cells 
expressing human GIPR or nonhuman primate (NHP) GIPR 
(IC50 = 23.8 nM and IC50 = 15.1 nM, respectively) (Fig. 6, A and B). 
hGIPR-Ab was specific to GIPR and did not antagonize the glucagon 
receptor (GCGR) or GLP-1R (Fig. 6C). Binding of hGIPR-Ab to hu-
man GIPR membranes was measured using KinExA technology, and 
the equilibrium dissociation constant (KD) was determined as 61 pM 
(Fig. 6D). To further explore the mechanism of GIPR antagonism, we 
investigated the displacement of 125I-GIP by hGIPR-Ab from bind-
ing to membranes expressing human GIPR and demonstrated that 
hGIPR-Ab prevents GIP binding (hGIPR-Ab IC50 = 0.239 nM and 
GIP IC50 = 0.415 nM; Fig. 6E). To confirm whether GIPR antago-
nism of hGIPR-Ab occurred via GIP displacement, we solved the 

structure of the human GIPR extracellular domain (ECD) complex 
with the antigen-binding fragment (Fab) of hGIPR-Ab at 1.9 Å reso-
lution [Protein Data Bank (PDB) code: 6DKJ] (Fig. 6F). Human 
GIPR ECD adopts an --- fold that is common to other class B 
G protein–coupled receptor (GPCR) ECDs, including GCGR and 
GLP-1R (26–28). The C-terminal stalk between the core ECD and 
the transmembrane domain (amino acids 123 to 134), which is dis-
ordered in previously solved structures, adopted a two-turn helix 
and was packed against the antibody framework. The buried solvent- 
accessible surface area on human GIPR was 1184 Å2, of which 917 Å2 
was contributed by the hGIPR-Ab heavy chain and 267 Å2 by the 
light chain. The complementarity score was 0.616, which is typical 
of antibody-antigen interactions. To understand the effect of anti-
body on the ligand binding, we superposed our structure of human 
GIPR ECD–hGIPR-Ab Fab onto the reported structure of the GIPR- 
GIP complex (PDB code: 2QKH) (27). hGIPR-Ab completely occluded 
the C terminus of the GIP peptide, thus preventing the binding of GIP 
to the GIPR ECD (Fig. 6F). Four hydrophobic residues in hGIPR-
Ab, including Trp52 and Phe53 from complementarity-determining 
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Fig. 3. muGIPR-Ab results in weight loss in 
DIO mice in combination with various GLP-1R 
agonists without sensitizing mice to anorectic 
effects of a GLP-1R agonist. (A and B) Established 
DIO mice fed HFD for 31 weeks were treated with 
multiple GLP-1 analogs alone or in combination 
with muGIPR-Ab for 23 days with vehicle, muGIPR- 
Ab (25 mg/kg, once a week), dulaglutide (1 mg/kg, 
twice a week), liraglutide (0.3 mg/kg, once a day), 
exendin-4 (0.01 mg/kg, once a day), or combina-
tions using the same dose frequency. (A) Body 
weight was measured and used to calculate (B) 
percent change in body weight from day 0 to 23 
(n = 8 mice per group). (C to E) Established DIO mice 
fed HFD for 13 weeks were initially treated during 
the “treatment period” with vehicle, liraglutide 
(0.05 or 0.3 mg/kg, once a day), or liraglutide 
(0.3 mg/kg, once a day) in combination with 
muGIPR-Ab (25 mg/kg, once a week) for 14 days. 
On day 15, liraglutide-dosed mice were divided into 
two groups and either maintained on liraglutide or 
treated in combination with muGIPR- Ab (25 mg/kg, 
once a week) during the “augmentation period” 
(n = 8 mice per group unless otherwise specified). 
(C) Body weight was measured over time and used 
to (D) calculate percent change in body weight 
from day 0 to 28. (E) Food consumption per day 
measured during treatment days 1 to 3, 15 to 17, 
and 25 to 27. Data represent means ± SEM. (A to D) 
Two-way repeated-measures ANOVA with Sidak’s 
test for multiple comparisons; (E) one-way ANOVA 
with Sidak’s test for multiple comparisons at each 
time point. *P < 0.05, **P < 0.01, and ***P < 0.001 
versus saline + vehicle; ̂ ^^P < 0.001, liraglutide versus 
muGIPR-Ab + liraglutide at the same liraglutide 
dose. (F and G) Established DIO mice fed HFD for 
15 weeks were pretreated (for 24 hours) with either 
vehicle or muGIPR-Ab (10 mg/kg) and then treated 
with liraglutide or saline. (F) Body weight change 
and (G) food consumption were measured after 
24 hours. Each data point represents means ± SEM 
of n = 6 mice per group.
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Fig. 4. The effect of muGIPR-Ab to prevent weight 
gain alone and to reduce body weight in combi-
nation with GLP-1R agonism is independent of 
pancreatic -cell GIPR. (A) Gipr RNA expression in 
isolated pancreatic islets and Gipr- expressing tissues 
[epididymal WAT (eWAT), inguinal WAT (iWAT), and 
jejunum (Jej)] in Giprfl/fl and Gipr−/−Cell mice fed HFD 
for 15 weeks (n = 5 to 8 mice per group). (B) Serum 
insulin was measured before and after intraperi-
toneal injection of DA-GIP (50 nmol/kg) and glucose 
(1 g/kg) in Giprfl/fl and Gipr−/−Cell male mice fed HFD 
for 11 weeks (n = 6 to 8 mice per group). (C to G) Giprfl/fl 
and Gipr−/−Cell male mice fed HFD for 11 weeks 
(n = 27 to 30 mice per group). (C) Body weight was 
measured during HFD feeding. (D) Fat mass, (E) fast-
ing blood glucose, and (F) serum insulin values were 
measured and used to calculate a (G) HOMA-IR. 
(H to M) Giprfl/fl and Gipr−/−Cell male mice fed HFD 
for 11 weeks treated for 38 days with vehicle, muGIPR- 
Ab (25 mg/kg every 6 days), dulaglutide (1 mg/kg 
every 3 days), or combination (n = 6 to 8 mice per 
group). (H) Body weight was measured and used to 
calculate (I) percent change in body weight from day 1 
to 38. (J) Fat mass was measured on day 35 of treat-
ment. (K) Fasting blood glucose and (L) serum insu-
lin values were measured and used to calculate (M) 
HOMA-IR on day 38. Data represent means ± SEM 
and were statistically assessed using (A and D to G) 
one-way ANOVA Giprfl/fl versus Gipr−/−Cell, (C) repeated- 
measures two-way ANOVA Giprfl/fl versus Gipr−/−Cell, 
(H and I) no statistics shown for simplicity, and (J to G) 
one-way ANOVA with Sidak’s test for multiple com-
parisons. *P < 0.05, **P < 0.01, and ***P < 0.001, Giprfl/fl 
vehicle versus Giprfl/fl treated, Gipr−/−Cell vehicle ver-
sus Gipr−/−Cell treated, or Giprfl/fl versus Gipr−/−Cell 
within each treatment (indicated with a bracket).

region (CDR) H2 and Ile102 and Phe103 from CDRH3, were perfect-
ly aligned with the four conserved hydrophobic residues from GIP: 
Phe22, Val23, Leu26, and Leu27 (fig. S7A). Comparing the epitope of 
hGIPR-Ab to that of GIP, there was almost complete overlap of the 
peptide binding groove, and hGIPR-Ab showed more extensive bind-
ing surface on the GIPR ECD (fig. S7, B and C).

Last, we sought to establish the effect of hGIPR-Ab in primary 
human cells known to express GIPR (29). We first determined GIP 
activity by measuring insulin secretion in primary human pancreatic 
microtissues (EC50 = 2.39 nM) and assessing cAMP production in 
primary human subcutaneous adipocytes (EC50 = 1.28 nM; Fig. 6, 
G and H), and subsequently established that hGIPR-Ab blocked 
GIPR activity in response to submaximal GIP stimulation (islets 
IC50 = 5.97 nM and adipocytes IC50 = 2.00 nM; Fig. 6, I and J).

hGIPR-Ab provides body weight loss alone and in 
combination with GLP-1R agonist dulaglutide in naïve 
spontaneously obese NHPs
We next assessed translational efficacy in spontaneously obese male 
NHPs. Preliminary assessments in NHPs revealed intolerability to 
GLP-1R agonists; thus, we established a protocol to progressively 
increase the dose of dulaglutide to minimize instances of vomiting. 
Animals were chronically treated for 18 days with either vehicle 
or dulaglutide given in a dose escalation regimen (0.05, 0.1, and 
0.25 mg/kg for 6 days each). After 18 days, each group was further 

split into groups treated with or without hGIPR-Ab (3 mg/kg) for 
an additional 30 days. After day 48, all animals were monitored for 
an additional 28-day washout period.

At the end of treatment, vehicle-treated NHPs gained, on aver-
age, 6.2% body weight compared to baseline, and body weight re-
duction was observed in all three treatment groups when compared 
to their own baseline and to vehicle (Fig. 7, A and B). The combina-
tion group treated with hGIPR-Ab and dulaglutide demonstrated a 
greater body weight reduction (−14.5%) when compared to either 
hGIPR-Ab (−1.86%) or dulaglutide (−8.57%) treatments alone (Fig. 7, 
A and B). Food intake was reduced in all treatment groups compared 
to vehicle, with the greatest reduction observed in the combination 
hGIPR-Ab plus dulaglutide group (Fig. 7, C and D). The reduction 
in food intake was similar between the hGIPR-Ab and dulaglutide 
groups (Fig. 7, C and D), although the reduction in body weight 
was 4.5-fold greater than seen with dulaglutide alone. Food intake 
rebounded in the dulaglutide-only group and the combination 
treatments in the washout phase, whereas it was maintained in the 
hGIPR-Ab group, likely owing to the extended PK of hGIPR-Ab 
[t1/2,z = 10.3 to 13.3 days and systemic clearance (CL) = 4.1 to 4.9 ml 
day−1 kg−1 over a dose range of 0.1 to 3 mg/kg; fig. S8].

To evaluate the impact of GIPR antagonism on glucose homeo-
stasis, we evaluated serum glucose and insulin concentrations and 
glucose tolerance. Glucose and insulin concentrations were not dif-
ferent between groups (Fig. 7, E and F). NHPs also underwent an 
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OGTT at the end of the treatment phase (Fig. 7G), and serum glucose 
and insulin concentrations during the OGTT were improved only 
in the dulaglutide and hGIPR-Ab combination group (Fig. 7, G and H); 
however, no changes were observed when expressed as AUC mea-
sures for any of the treatments (Fig. 7, I and J). GIPR antagonism 
did not worsen glucose tolerance. Only hGIPR-Ab treatment groups 
demonstrated reduced triglyceride concentrations compared to 
vehicle (Fig. 7K).

DISCUSSION
On the basis of human genetic associations, we set out to under-
stand whether GIPR antagonism could be potentially used as a ther-
apy to treat obesity. We found that treatment with muGIPR-Ab in 
DIO mice prevented body weight gain and hGIPR-Ab alone led to 
weight loss in obese NHPs, with a stronger impact on appetite than 
in mice. In addition, we found an enhanced effect on weight loss 
with the combination of GIPR antagonism and GLP-1R agonism in 
both obese mice and NHPs.

Recently, a neutralizing antibody (Gipg013) directed against GIPR 
(30) was identified and abolished the GIP-induced incretin effect in 
rat pancreatic islets. We demonstrated that hGIPR-Ab is also capable 
of blocking GIP activity in primary human adipocytes in addition 
to human pancreatic islets. Gipg013 was generated on a human im-
munoglobulin G (IgG) framework (30), suggesting possible thera-
peutic utility. However, to our knowledge, these GIPR antagonist 
therapies have not been further studied.

In contrast, neutralizing antibodies to GIP have been evaluated 
in mouse models of obesity and exhibited reduced weight gain in 
DIO mice (31). These previous data support our findings using 
both muGIPR-Ab and hGIPR-Ab, despite some differences, namely, 
that the GIP antibody does not fully prevent weight gain or alter 
food intake unlike the antibodies we present here. The differences in 
the observed weight loss effects in mice between our studies and the 
studies using GIP antibodies (31) could be due to slight differences 
in the study designs or innate difference in ligand versus receptor 

biology. Nonetheless, these data underpin the therapeutic potential 
of intervening in the GIP/GIPR axis for the treatment of obesity.

On the basis of GIPR’s incretin effect, it would be expected that 
inhibiting pancreatic GIPR would lead to impaired glucose toler-
ance; however, in previous studies in mice with -cell–specific KO 
of GIPR (22), and in our studies with Gipr−/−Cell mice and with anti- 
GIPR antibodies in DIO mice and NHPs, no effect on glucose toler-
ance was observed. This is notable given the suppressed incretin 
response in mice treated with muGIPR-Ab and is possibly accounted 
for by improved peripheral glucose handling even after a single 
muGIPR-Ab treatment without changes in body weight; however, 
this has not been assessed in our current work.

Because islets from mice with GIPR -cell–specific KO displayed 
enhanced glucose-stimulated insulin secretion in response to GLP-1 
analog exendin-4 treatment (22), we theorized that the pancreatic 
-cell GIPR activity may account for the weight loss effects by 
enhancing sensitivity to endogenous and/or exogenous GLP-1 ana-
logs. However, we found that Gipr−/−Cell mice were equally respon-
sive to muGIPR alone, dulaglutide alone, and the combination 
compared to control Giprfl/fl mice, suggesting that other GIPR- 
expressing tissues, such as the central nervous system (CNS) or ad-
ipose, are responsible for muGIPR-Ab’s prevention of weight gain.

As antibodies are known not to penetrate the blood-brain barrier, 
we do not expect direct muGIPR-Ab or hGIPR-Ab antagonism in 
the CNS, unless GIPR can act directly or indirectly through the 
vagus nerve or area postrema. However, here, we reported the 
unexpected finding that muGIPR-Ab alone reduced food intake 
in DIO mice and to an even greater extent with hGIPR-Ab in obese 
NHPs. This finding has not been observed in GIPR KO mouse 
models (9, 22, 32) or in other therapies targeting the GIP/GIPR axis 
(31). Nonetheless, we hypothesized that GIPR antagonism could 
render the animal more sensitive to GLP-1. Here, we showed that, 
at least in an acute setting, liraglutide’s anorectic effects were un-
changed by muGIPR-Ab treatment in DIO mice, which excludes 
the possibility that muGIPR-Ab enhances exogenous GLP-1 ano-
rectic sensitivity.
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Fig. 5. muGIPR-Ab reduces food consumption and RER in DIO mice. Energy expenditure using indirect calorimetry was investigated continuously in DIO mice fed HFD 
for 7 weeks at the beginning of assessment treated with vehicle, CTL-Ab (30 mg/kg once per week), or muGIPR-Ab (30 mg/kg once per week) for 39 days (n = 5 to 6 mice 
per group). (A) Body weight was measured and used to calculate (B) percent change from day 1 to 39. (C) Cumulative food consumption was measured. (D) Average O2 
consumption (VO2) and (E) CO2 production (VCO2) were measured over the entire experiment and used to calculate (F) RER. (G) Total physical activity measured for the 
entire experiment. Data represent means ± SEM. One- or two-way ANOVA both with Sidak’s test for multiple comparisons (D to G and A to C, respectively); *P < 0.05, 
**P < 0.01, and ***P < 0.001 versus vehicle.

 by guest on D
ecem

ber 19, 2018
http://stm

.sciencem
ag.org/

D
ow

nloaded from
 

http://stm.sciencemag.org/


Killion et al., Sci. Transl. Med. 10, eaat3392 (2018)     19 December 2018

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

8 of 11

GIP is known to directly act on adipocytes (10). Transgenic rescue 
of adipocyte GIPR in GIPR KO mice restored HFD-induced body 
weight gain (33), and mice with adipocyte-specific GIPR KO are pro-
tected against DIO (32), suggesting a role for adipocyte GIPR in body 
weight regulation. Therefore, it is important to note that muGIPR-Ab 
treatment enhanced resting period lipid oxidation as determined 
by light cycle RER. Considering the sustained weight loss effects of 
muGIPR-Ab in Gipr−/−Cell mice, adipocyte GIPR and its role in fatty 
acid metabolism may be central to our pharmacological findings.

In contrast to our findings using GIPR antagonists, Finan et al. 
(34) demonstrated that GIPR agonists also lead to weight loss, espe-
cially in combination with GLP-1R agonists because of reduced food 
intake. Although GIPR antagonism also reduced food intake, we 
additionally observed a direct effect on resting RER in DIO mice by 
muGIPR-Ab, consistent with the same observation in GIPR KO 
mice (9). A recent paper demonstrated that GIPR can become de-
sensitized by GIP induction (19), which may provide a clue for the 
apparent discrepancy between our findings and those of Finan et al. 
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Fig. 6. hGIPR-Ab selectively inhibits GIPR activity by dis-
placing GIP and antagonizes GIP in primary human -cells 
and adipocytes. (A) cAMP in cells expressing human GIPR 
with human GIP (blue) or hGIPR-Ab + 50 pM human GIP (red) 
(n = 2 replicates per treatment). (B) cAMP in cells expressing 
NHP GIPR with human GIP (blue) or hGIPR-Ab + 50 pM human 
GIP (red) (n = 2 replicates per treatment). (C) cAMP in cells ex-
pressing human GLP-1 with human GLP-1 (green) or hGIPR-Ab + 
15 pM human GLP-1 (purple) and in cells expressing hu-
man GCGR with human GCG (orange) or hGIPR-Ab + 150 pM 
GCG (pink) (n = 2 replicates per treatment). N/A, not applicable. 
(D) hGIPR-Ab was incubated with various densities of mem-
branes from cells overexpressing human GIPR, and free antibody 
was quantified using KinExA technology and used to calculate 
KD. (E) hGIPR-Ab or GIP was incubated with 125I-human GIP 
and membranes from cells overexpressing human GIPR, and 
specific binding was calculated (n = 2 replicates per treatment). 
(F) Cocrystal structure of the human GIPR ECD and hGIPR-Ab 
Fab. Superposition of GIP from the GIP/GIPR complex structure 
(PDB code: 2QKH) onto the GIPR ECD–hGIPR-Ab Fab complex 
structure. GIP peptide is shown in magenta; hGIPR Fab is shown 

as lavender and green surface for heavy (HC) and light (LC) chains, respectively; and GIPR ECD is shown in orange. (G) Insulin secretion in human islet microtissues treated 
with 2.8 mM glucose (closed circle), 11 mM glucose (closed square), or GIP + 11 mM glucose (open circles). (I) Insulin secretion in human islet microtissues after overnight 
incubation with hGIPR-Ab and then treated with 2.8 mM glucose (closed circle), 11 mM glucose (closed square), or 7 nM GIP + 11 mM glucose (open circles). Data repre-
sent means and SEM of n = 4 to 6 wells per treatment. (H and J) cAMP in cultured human subcutaneous adipocytes from three individual donors with human GIP (open 
circles) compared to basal (closed squares). (J) cAMP in cultured human subcutaneous adipocytes from three individual donors after overnight incubation with hGIPR-Ab 
and then treated with human 5 nM GIP (open circles) compared to 5 nM GIP only (closed circles) and basal (closed squares). Data represent means ± SEM of n = 3 donors 
with two to three wells per treatment per donor.
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Therefore, it is possible that GIPR activity is diminished by chronic 
GIPR agonism, thereby recapitulating the phenotypes associated 
with GIPR antagonism.

Our study has several limitations. First, we cannot conclude that 
GIPR antagonism in combination with GLP-1R agonists leads to 
greater weight loss than GLP-1R agonists alone because the GLP-1R 
agonists were not maximally dosed to establish the absolute maxi-
mum weight loss in our studies. Further, GIPR antagonism did not 
result in improved glucose tolerance, most likely because of reduced 
incretin function; however, the effects on glucose tolerance were 
not worsened, which is notable given the reduction in both fasting 
and postprandial serum insulin concentrations. The changes in in-
sulin due to GIPR antagonism are expected to have beneficial ef-
fects on whole-body metabolism and are unlikely to have a negative 
impact on glucose homeostasis given the lack of impact on glucose 
tolerance. However, without a clamp study, we cannot address tissue- 
specific improvements in insulin sensitivity. Last, we note that the 
differences in pharmacological effects we observed in the murine 
and NHP obese models, most notably a minimal anorectic effect in 
mice and a more pronounced effect in the NHPs, are suggestive of 
species-specific differences in GIPR physiology. Currently, it is un-
clear which species is most translationally relevant to humans, but 
reproducible GWAS indicate that GIPR antagonism has a role in 
human obesity and BMI measures (17).

In conclusion, this study provides preclinical validation for a 
therapeutic approach to treat obesity and with anti-GIPR antibodies. 

This anti-obesity effect is independent of GIPR activity in -cells. 
Further work must be done to understand the mechanism of action 
of these anti-GIPR antibodies and the role that GIPR antagonism 
plays on food intake, whether direct or indirect, as well as the site of 
action for anti-GIPR antibody alone and in combination with GLP-1R 
agonists.

MATERIALS AND METHODS
Study design
We identified and assessed muGIPR-Ab and hGIPR-Ab antibodies 
in vitro using recombinant cells expressing mouse, human, or NHP 
GIPR and assessed hGIPR-Ab in primary human adipocytes by mea-
suring cAMP and in human pancreatic microtissues by measuring 
insulin secretion. For hGIPR-Ab, binding affinity was determined 
using KinExA measurements. Displacement studies using 125I-GIP 
were performed to assess the mechanism of antagonism and con-
firmed by solving the crystal structure of the antibody with the hu-
man GIPR ECD. All animals were cared for in accordance with the 
Amgen Institutional Animal Care and Use Committee (IACUC) in 
Thousand Oaks, CA, and NHP studies were performed by Kunming 
Biomed International (KBI) in China. NHPs were housed in an 
Association for Assessment and Accreditation of Laboratory Animal 
Care (AAALAC)–accredited facility and all research protocols were 
reviewed, and the study was approved by KBI’s IACUC. In vivo, DIO 
mice or obese NHPs were studied to assess PD, PK, and physiological 
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Fig. 7. hGIPR-Ab provides body weight loss alone and in combination with GLP-1R agonist dulaglutide in obese NHPs. Spontaneously obese naïve male NHPs were 
treated for 18 days either with vehicle or with dulaglutide every 3 days (in dose escalation regimen up to 0.25 mg/kg to circumvent nausea and vomiting associated with GLP-1R 
agonists). After 18 days, each group was further split into groups either with or without hGIPR-Ab (3 mg/kg every 6 days) for 30 additional days of treatment. After 48 days of 
treatment, all animals were monitored for an additional 28-day washout period (n = 10 NHPs per group). (A) Body weight was measured and used to calculate (B) percent 
change in body weight. (C) Food intake per animal (kcal/day) was measured daily and used to calculate (D) total food consumption during treatment days 19 to 48. Serum 
(E) glucose, (F) insulin, and (K) triglycerides were measured after an overnight fast on day 46. Posttreatment OGTT (4 g/kg) was performed on day 46. Serum (G) glucose 
and (H) insulin over the course of the OGTT were used to calculate the (I) glucose AUC and (J) insulin AUC. Data represent means ± SEM and were statistically assessed 
using (A, B, G, and H) repeated-measures two-way ANOVA with Sidak’s test for multiple comparisons, (C) statistics not shown for simplicity, and (D to F and I to K) one-way 
ANOVA with Sidak’s test for multiple comparisons. *P < 0.05, **P < 0.01, and ***P < 0.001 versus vehicle; ^P < 0.05 and ^^P < 0.01, dulaglutide versus hGIPR-Ab + dulaglutide.
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effects of the GIPR antibodies. Chronic dosing of either muGIPR- Ab 
or hGIPR-Ab alone or in combination with GLP-1R agonists was 
investigated, and body weight, food consumption, body composition, 
tissue weights, and glucose metabolism were measured. Calorimetry 
studies were conducted in metabolic cages to assess muGIPR-Ab 
treatment in DIO mice. Animals were randomized into groups of 
similar body weights before study initiation, and sample sizes were 
based on internal pilot study data. Investigators were not blinded 
for the mouse studies but were blinded for the NHP studies carried 
out by KBI in China. One NHP was excluded from the study be-
cause of very low food intake at the end of the dosing period, so 
treatment was ended early. Outliers were excluded from a group if 
the measurement was ±2 SDs from the group mean. The outcomes 
of all mouse studies and in vitro work presented have been replicated 
more than once.

Statistical analysis
One- or two-way ANOVA followed by Sidak’s test for multiple com-
parisons (with repeated measures for time series data) was used in 
all studies, as noted in figure legends. For comparison between two 
groups, one-way ANOVA was performed. All tests used the software 
GraphPad Prism (GraphPad). Significance was defined as *P < 0.05, 
**P < 0.01, and ***P < 0.001.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/10/472/eaat3392/DC1
Materials and Methods
Fig. S1. PK-PD determination of muGIPR in vivo.
Fig. S2. muGIPR-Ab prevents weight gain in DIO mice.
Fig. S3. muGIPR-Ab enhances body weight loss in combination with the GLP-1R agonist 
liraglutide in DIO mice.
Fig. S4. muGIPR-Ab reduces insulin secretion after OGTT in DIO mice.
Fig. S5. muGIPR-Ab PK in DIO mice.
Fig. S6. The ability of muGIPR-Ab to prevent weight gain alone and to reduce body weight in 
combination with GLP-1R agonism is independent of pancreatic -cell GIPR.
Fig. S7. Crystal structure of human GIPR ECD with hGIPR-Ab Fab.
Fig. S8. hGIPR-Ab PK in NHPs.
Table S1. Data collection and refinement statistics of hGIPR-Ab–ECD complex.
Table S2. Primary data.
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loss. These studies suggest that antagonistic GIPR antibodies are promising candidates for obesity treatment 
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elicitedGIP receptor (GIPR) to block the action of GIP. GIPR-Ab treatment of obese mice and nonhuman primates 
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Glucose-dependent insulinotropic polypeptide (GIP), secreted by the gut to help stimulate insulin release, is
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