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ABSTRACT

Glucose-dependent insulinotropic polypeptide (GIP) is an incretin hormone involved in regulating
glucose and lipid metabolism. GIP receptor (GIPR) antagonism is believed to offer therapeutic potential
for various metabolic diseases. Pharmacological intervention of GIPR, however, has limited success due
to lack of effective antagonistic reagents. Previously we reported the discovery of two mouse anti-
murine GIPR monoclonal antibodies (mAbs) with distinctive properties in rodent models. Here, we report
the detailed structural and biochemical characterization of these two antibodies, mAb1 and mAb2. In
vitro and in vivo characterizations demonstrated mAb2 is a full GIPR antagonistic antibody and mAb1 is
a non-neutralizing GIPR binder. To understand the molecular basis of these two antibodies, we deter-
mined the co-crystal structures of GIPR extracellular domain in complex with mAb1 and with mAb2 at
resolutions of 2.1 and 2.6 A, respectively. While the non-neutralizing mAb1 binds to GIPR without
competing with the ligand peptide, mAb2 not only partially occludes the ligand peptide binding, but
also recognizes the GIPR C-terminal stalk region in a helical conformation that acts as a molecular mimic
of the ligand peptide and locks GIPR in a novel auto-inhibited state. Furthermore, administration of
mAb2 in diet-induced obesity mice for 7 weeks leads to both reduction in body weight gain and
improvement of metabolic profiles. In contrast, mAb1 has no effect on body weight or other metabolic
improvement. Together, our studies reveal the unique molecular mechanism of action underlying the
superior antagonistic activity of mAb2 and signify the promising therapeutic potential of effective GIPR
antagonism for the treatment of metabolic disorders.
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Introduction B G-protein-coupled receptor (GPCR) that shares sequence
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diet, they are resistant to high fat diet-induced obesity and
insulin resistance."” While human genetics and mouse models
demonstrate that GIPR loss of function is associated with
lower body weight, pharmacological evidence has been weak
and controversial so far. Mild in vivo efficacy has been
reported with several GIPR antagonists (For review see
ref.).'"® However, a widely used peptide antagonist, (pro3)
GIP, is a weak antagonist with short in vivo half-life and can
behave as a weak GIPR agonist in certain situations."”

GIPR, along with other subfamily members of the class
B GPCRs, holds a signature extracellular domain (ECD) of
~140 residues at the N-terminus that is essential for binding
to the peptide hormone and a canonical 7-helix transmem-
brane domain at the C-terminus. Binding of the peptide
ligand has been proposed as a two-step process wherein the
C-terminal part of the peptide binds to the ECD first and the
N-terminus of the peptide follows by inserting into the ligand
binding pocket formed by the transmembrane (TM) helices of
the GPCR.*® Our understanding of the receptor activation for
class B GPCRs has been greatly advanced with the availability
of various crystal and cryo-electron microscope (cryo-EM)
structures. Multiple structures of class B GPCR N-terminal
ECD in complex with short peptide hormones have been
reported.21 In addition, structures of the transmembrane
domain of GCGR and GLP1-R have been solved that provide
snapshots of the configuration of the 7-TM in the presence of
a negative allosteric modulator.”*~** Most recently, crystal and
cryo-EM structures of the full-length class B GPCR were
illustrated for the first time and demonstrated cross-talks
between the ECD and 7-TM.*>™*’

Antibodies targeting GPCRs provide useful tools to interrogate the
complex biology of GPCR. Several antibodies against class B GPCR
ECD have been described. = In the case of GIPR, co-crystal struc-
tures of an antibody gipg013 with GIPR ECD revealed that the
antibody binding site overlaps with the cognate peptide binding
site”® and central administration of gipg013 to obese mice leads to
lower body weight and food intake.”" Previously we reported that
anti-GIPR antibodies co-dosed with glucagon-like peptide-1 receptor
(GLP-1R) agonists exhibited enhanced weight loss in non-human
primates, providing preclinical validation of a therapeutic potential to
treat obesity with anti-GIPR antibodies. In the same study, we also
described preliminary proof-of-concept studies of two mouse anti-
murine antibodies with distinctive activities in vivo.”> To further
understand the underlying molecular mechanism, here we provided
in-depth biochemical, cellular, pharmacological and structural char-
acterizations of those two antibodies.

Results
Discovery and characterization of anti-GIPR antibodies

Previously we reported a mouse anti-murine GIPR antibody
(muGIPR-AD, hereafter referred to as mAb2) that showed
superior antagonistic activity in a rodent model in contrast
to another non-neutralizing antibody (CTL-Ab, hereafter
referred to as mAb1).”> We performed further biochemical
analysis of these two antibodies. The binding affinity was
evaluated using a KinExA assay (Figure 1A and B) and the
bioactivity was measured using a cell-based functional assay

which measures GIP-stimulated cAMP production (Figure
1C). In the cell-based cAMP assay, 6 pM mouse GIP
(mGIP) was used to ensure close to maximal activity of
mGIP, since the ECs, of mGIP is 0.8 pM. As summarized in
Figure 1D, mADb1 binds to mouse GIPR with a Kp, of 144 pM,
but does not compete with mouse GIP in the cAMP assay. In
comparison, mAb2 is both a high-affinity binder to the mouse
GIPR with a Kp of 68 pM and a potent antagonist to GIP in
the cAMP assay with ICsy of 48 nM. Furthermore, mAb2 is
able to completely reverse GIP-induced cAMP production.
Interestingly, from the same immunization campaign, we
also identified additional binders to GIPR ECD. Two other
antibodies, mAb3 and mADb4, also have high affinity to the
mouse GIPR with Kp of ~80 pM and inhibit GIP-stimulated
cAMP production with very high potency (ICs of 1.7 nM and
3.1 nM, respectively). However, both mAb3 and mAb4 can
only partially antagonize the GIP activity with maximal inhi-
bition of 29% and 50%, respectively (Figure S1). We charac-
terized mADbl as a non-neutralizing GIPR binder, mAb2 as
a full antagonist, and mAb3 and mAb4 as partial antagonists
to the endogenous ligand GIP. Because of the significant
difference in the biochemical activities of mAbl and mAb2,
we decided to focus in vivo and structural studies on these two
antibodies.

We measured the acute antagonistic effect of mAb2 in vivo
in a pharmacodynamics study. This study tested the antago-
nistic activities of mAb2 in vivo through an intraperitoneal
glucose tolerance test (IPGTT) experiment in C57BL/6 mice
by examining its ability to inhibit the insulinotropic effect
elicited by exogenous GIP. Serum insulin levels and blood
glucose levels were measured 10 min and 30 min, respectively,
after glucose and [D-Ala2]-GIP (DAGIP) administration.
DAGIP is an enzymatically stable GIP analogue used to
ensure prolonged in vivo activity during the treatment period.
As expected, intraperitoneal (IP) DAGIP administration
resulted in increased blood insulin levels and reduced blood
glucose levels (Figure 1E). Treatment with mAbl did not
block the insulinotropic effect after DAGIP administration.
Both blood insulin and glucose levels from that group were
similar to those from the DAGIP only group. In contrast,
mADb2 completely abolished the insulinotropic effect induced
by DAGIP, confirming its full antagonistic activity in vivo.
Insulin levels were decreased by ~64%, and blood glucose
levels were increased by ~63% in comparison to the DAGIP
alone group. In the diet-induced obesity (DIO) mice, we
observed similar effects showing that mAb2 abolished the
insulinotropic effect induced by DAGIP.>* Together, these
results demonstrated that mAb2 is a full GIPR-neutralizing
antibody in both in vitro and in vivo, whereas mAbl is a non-
neutralizing GIPR binder.

Structure of mouse GIPR ECD with fab1

To probe the molecular insight into the distinctive functional
activities demonstrated by mAbl and mAb2, we crystallized
the mouse GIPR ECD in complex with the antigen-binding
fragments (Fab) of mAbl and mAb2. The crystal structure of
the binary complex of mouse GIPR ECD with the Fab of
mADb1 (Fabl) was determined to 2.1 A resolution (Figure 2A).
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Figure 1. Characterization of anti-mouse GIPR antibodies. A) and B) Measurement of the equilibrium dissociation constant (KD) of mAb1 and mAb2 binding to the
mouse GIPR membrane by KinExA. C) Effects of mAb1 and mAb2 on the GIP-induced cAMP production assay. D) Summary of bioactivity and binding affinity of the
two antibodies. E) Acute in vivo effect of antibodies on insulinotropic effect of exogenous [D-Ala2]-GIP (DAGIP) during IPGTT. Blood insulin and glucose levels
were measured after I[P DAGIP and glucose challenges in C57BL/6 mice treated with vehicle, DAGIP alone, DAGIP with mAb1 or DAGIP with mAb2. Results are
expressed as the mean and standard error of the mean. Statistical analysis was performed using one-way with Dunnett’s test for multiple comparisons.

*** p < .001, ** p < .01, * p < .05.

Mouse GIPR ECD adopts an a-3-B-a fold that is common
to other class B GPCR ECD structures including GCGR, GLP-
IR and human GIPR.* Fabl forms extensive interactions
with the GIPR ECD fragment, which is consistent with its
sub-nM binding affinity. The N-terminal helix aA of GIPR
ECD sits in a groove formed by the complementary-
determining region (CDR) loops of both the heavy chain
(HC) and light chain (LC) of Fabl (Figure 2B and Figure
S2A). A network of hydrogen bonds and salt bridges dom-
inates the interface between the ECD and Fabl. There is a salt
bridge from residues Lys19 of GIPR to Asp97 of the LC CDR3
at the center of the interface. Lys19 also stacks against the side
chain of Trpl04 of the HC CDR3, forming a cation-pi inter-
action. Glul6 of GIPR forms hydrogen bonds with the hydro-
xyl of Tyr38 of LC CDR2 and Tyrl0l of HC CDR3,
respectively (Figure 2B and Figure S2A). There are several
main-chain hydrogen bond interactions between residues of
GIPR and Fabl. As shown in Figure 2C, several hydrogen

bonds are formed at the interface, including hydrogen bonds
from Glu22 of GIPR to the amide of Ser53 of HC CDR2, from
Glu25 to the amide of Thr28 of HC CDRI, from the carbonyl
of Glu22 to the amide of Gly33 of HC CDRI, and from the
carbonyl of Thr23 to the amide of Tryl0l of HC CDR3
(Figure 2C and Figure S2B). Overall, the buried solvent access
surface area is 775 A* on GIPR ECD and 735 A? on Fabl.
To understand whether mAb1 binding affects endogenous
ligand, we compared the complex structure of mouse GIPR
ECD-Fabl with the previously reported human GIPR ECD-
GIP complex (PDB: 2QKH)> (Figure S3). The mouse and
human GIPR ECD share high sequence identity (78%), and
the structures of the two proteins superpose well with a root-
mean-square deviation of 0.89 A for the Ca atoms. Mouse
GIP also shares high sequence identity with human GIP, with
only three mutations among 42 residues and none of the
mutations involved in binding to GIPR. Due to the high-
sequence conservation between human and mouse GIPR
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Figure 2. Structure of mouse GIPR with Fab1. A) Overall structure of mouse GIPR ECD in complex with Fab1. The GIPR ECD is shown in cartoon representation and
colored in rainbow scheme with N-terminus in blue and C-terminus in red. Fab1 is shown in cartoon representation and colored purple for heavy chain and wheat for
light chain. B) and C) Detailed interactions in the interface between GIPR ECD and Fab1. Fab1 surface is colored in wheat. The interface residues are shown in sticks
and colored as in A. D) Superposition of GIPR ECD-GIP complex structure (PDB access code: 2QKH) with GIPR ECD-Fab1 structure. Fab1 is shown as surface and
colored as in A. GIPR ECD is shown in cyan surface. Superposed GIP peptide is shown as yellow cartoon.

ECD ligand binding sites, we reason that mouse GIP interacts
with mouse GIPR ECD in a similar manner as in the human
homologue. The structure superposition reveals that there is
no overlap between the endogenous ligand and Fabl binding
(Figure 2D). Fabl sits on the opposite side of the GIP binding
site in GIPR ECD, so the binding of Fabl is unlikely to affect
GIP binding. Thus, the co-crystal structure elucidates the
molecular basis that mAbl is a non-neutralizing high-
affinity binder to GIPR, subsequently having no effect on
GIP signaling.

Structure of mouse GIPR with fab2

Our attempt to crystallize mouse GIPR ECD with the Fab of
mAb2 (Fab2) failed to produce diffraction-quality crystals.
Taking advantage of the stable complex between GIPR and
Fabl, we were able to generate diffraction-quality crystals and
determined the crystal structure of the ternary complex of
mouse GIPR ECD with both Fabl and Fab2 at 2.6 A resolu-
tion. There is a single complex in the asymmetric unit, with
Fabl and Fab2 approaching mouse GIPR ECD from opposite
directions (Figure 3A). Fabl interacts with the ECD in an
identical manner as in the binary complex structure of GIPR
ECD-Fabl. Overall, the GIPR ECD domain in the ternary
complex resembles that in the ECD-Fabl binary complex,
with the exception of the conformation of the stalk region at

the C-terminus of the ECD (Figure 3B). The stalk, a 15-
residue segment of residue from Lys94 to GInl09 between
the ECD domain and the first transmembrane helix, is dis-
ordered in the binary complex structure but forms a two-turn
helix and packs against the core of the ECD domain in the
ternary complex structure (Figure 3B). The function of this
C-terminal stalk helix is discussed below.

Fab2 engages the GIPR ECD in two distinctive areas. The
first area includes residues from three B-stands (B3, p4, and
B5), sitting in a groove formed by the LC CDRI and CDR3,
and three HC CDR loops (Figure 3C). The interactions
include both polar and van der Waals (vdW) interactions.
At the center, GIPR Trp83 fits tightly in a pocket formed by
a few residues, including His31 and Tyr37 from the Fab2 LC.
GIPR Trp83 also forms a hydrogen bond interaction with the
carbonyl of Ser96 from Fab2 LC. Other notable interactions
include a hydrogen bond from GIPR Ser82 to the side chain
of Glu50 of Fab2 HC; a salt bridge from GIPR Asp85 to LC
Lys55; and a hydrogen bond from GIPR Asp85 to LC Tyr37
(Figure 3C and Figure S2C).

The second area of interactions involves residues from the
C-terminal stalk of ECD, which was disordered in the GIPR-
Fabl structure and other related class B GPCR ECD domain
structures such as GCGR and GLP1-R. This C-terminal stalk
helix is sandwiched between HC CDR1 and CDR3. The interface
is mostly vdW interactions. The side chains of GIPR Glu106 and
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Figure 3. Ternary complex structure of mouse GIPR with Fab1 and Fab2. (A) Overall structure of the ternary complex. GIPR ECD is shown in cartoon representation and
colored in rainbow scheme with N-terminus in blue and C-terminus in red. Fab1 is shown in cartoon representation and colored purple for heavy chain and wheat for light
chain. Fab2 is shown in cartoon representation and colored blue for heavy chain and light blue for light chain. (B) Overlay of GIPR ECD in the ternary complex structure with
Fab2 and Fab1 (rainbow color), in the binary complex with Fab1 (wheat) and in the complex structure with GIP (white). (C) and (D). Detailed interactions in the interface
between GIPR ECD and Fab2. The proteins are colored as in (A). The interface residues are shown in sticks. Fab2 surface is colored in light blue.

GInl109 fit in two small pockets that are slightly positively
charged and form water-mediated hydrogen bond interactions
with HC Gly26 main-chain carbonyl and HC Arg98 side chain,
respectively. GIn109 also forms stacking interactions with the
side chain of Tyr101 of the HC (Figure 3D and Figure S2D).

Mab2 locks GIPR ECD in an auto-inhibitory conformation

To understand how mAb2 binding affects endogenous pep-
tide ligand binding, we superposed the structure of Fab2-ECD
complex to that of the GIPR-GIP complex (PDB: 2QKH).*>?
The structure comparison reveals that mAb2 would clash only
with the C-terminus of GIP peptide. Surprisingly, the mid-
portion of GIP peptide overlaps well with the stalk region of
GIPR ECD (Figure 4A). The buried solvent access surface area
between GIPR ECD and Fab2 is 826 A? (Figure 4B). This is
slightly larger than the 617 A® of the buried solvent access
surface area between GIPR ECD and its peptide ligand GIP.**
Notably, Fab2 and GIP epitopes on the ECD only partially
overlap (Figure 4B).

As mentioned before, the stalk region of GIPR, a 15-amino
acid segment between the ECD core domain and the first trans-
membrane helix that is usually disordered in other class B GPCR
ECD, forms a distinctive secondary structure in the ternary
complex of GIPR with Fabl and Fab2. Specifically, residues
Glul01 to Argl07 adopt a two-turn helix and pack against aA,
L3, and L5 of ECD (Figure 4A). In comparison with the GIP-

GIPR structure, the two-turn helix overlaps very well with the
mid-portion of GIP peptide. Even though there is no recogniz-
able sequence homology at the primary sequence level between
GIP peptide and GIPR stalk, several hydrophobic residues in the
stalk region, including Ile104, Leul05, and Leul08, aligned well
with residues Phe22, Val23, and Leu26 of GIP, which occupy the
center of the highly conserved, hydrophobic site on GIPR
(Figure 4C and D). The confirmation of the stalk peptide sug-
gests that the stalk may act as a molecular mimic of the peptide
ligand and occlude the ligand-binding site of endogenous GIP
peptide. Thus, the binding of mAb2 recognizes and stabilizes the
stalk conformation that mimics the ligand peptide and locks the
GIPR in an inactive state.

The structures of several Class B GPCR ECD with antagonistic
antibodies' fragments were reported previously.”>**** This wealth
of structural data allows us to compare the angle of approach of
the Fab to the ECD domain and evaluate the effects of Fab binding
with respect to the ligand binding (Figure 4E). In both GLPI1-
R-Fab 3F52 (PDB: 5E94)* and GIPR-Fab gipg013 complex struc-
tures (PDB: 4HJ0),?® the Fab approaches the ECD from the same
angle and overlaps the peptide ligand-binding site completely, and
the stalk regions are disordered. This is very different from GIPR-
Fab2 complex where the Fab and peptide ligand only partially
overlap, and the C-terminal stalk serves as an autoinhibitory
pseudo-ligand stabilized by the antibody binding. Interestingly,
in the huGIPR-hGIPR Ab co-crystal structure (PDB: 6DKJ),”
while the Fab overlaps well with GIP binding site, the stalk region
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Figure 4. Fab2 stabilizes GIPR in auto-inhibited conformation. (A) Structure superposition of GIPR-GIP complex with GIPR-Fab2 complex. Fab2 is shown in blue
surface. GIPR ECD is shown as cyan cartoon with the stalk region colored in red. Superposed GIP peptide is shown as yellow cartoon. (B) The epitope of GIP and Fab2
on the GIPR ECD. The C-terminal stalk of GIPR is removed for comparison with GIPR-GIP structure. GIPR is shown as cyan surface and the GIP is shown as yellow
cartoon. The GIP epitope is colored in orange and the Fab2 epitope is outlined in blue. (C) Sequence alignment of the GIPR ECD stalk and GIP peptide presented in
a helical wheel. GIPR stalk peptide residues are in red and GIP peptide residues are in black. The three conserved residues are highlighted in cyan shade. (D)
Superposition of the GIP peptide to the ECD C-terminal stalk. GIPR ECD with the C-terminal stalk removed is shown as cyan surface. The C-terminal stalk is shown as
red cartoon. Superposed GIP is shown as yellow cartoon. The conserved hydrophobic residues are shown as sticks. (E). Comparison of four Class B GPCR-antibody
complex structures. GPCR ECD is shown in white surface. The Fabs are shown in cartoon and color in blue (mAb2), cyan (hGIPR-mAb), green (gipg013), and orange
(mAb 3F52) respectively. The C-terminal stalk of GIPR ECD is shown in red cartoon.

of human GIPR ECD adopts a helical conformation that is packed
against antibody. The findings in both GIPR-Fab2 and huGIPR-
hGIPR Ab structure suggest that the helical conformation of the
stalk region may be an intrinsic state that is captured upon
antagonist antibody binding. Note that, in the structures of full-
length Class B GPCR and other antibody-ECD complex, the stalk
region reveals significant conformational changes at different
activity states. It is possible that the stalk region acts as an impor-
tant signal switch for the activation of class B GPCR and targeting
the stalk region in addition to ligand blocking contributed to the
antagonistic activity.

Mab2 lowers body weight gain and improves metabolic
profiles in vivo in DIO mice

Previously we reported the evaluation of mAb2 on the meta-
bolic profile of DIO mice under two different doses, including

alow dose of 1 mg/kg and a very high dose of 30 mg/kg.””> We
expanded the study using an intermediate dose of 10 mg/kg
twice a week for 7 weeks. The dosing regimen ensures suffi-
cient pharmacological coverage of target over the treatment
period. In a pharmacokinetic study, a single IP injection of
mAb2 demonstrated a prolonged half-life of 12-13 days over
a dose range of 1 to 100 mg/kg.>> Body weights and metabolic
profiles (glucose, insulin, triglyceride, and total cholesterol
levels) were measured during the treatments. The mAb2-
treated mice showed reduced body weight gain (+2.33 g;
6.5%) over the course of treatment phase compared to the
mAbl-treated mice (+9.63 g; 26.4%) or the control group
(+9.36 g; 25.5%) (Figure 5A and B).

Furthermore, four-hour fasting blood glucose levels and fast-
ing blood insulin levels in the mAb2-treated group also
decreased at days 39 and 52 compared to the control or mAb1-
treated group (Figure 5C and D). Our results demonstrated that



the effects of mAb2 on body weight are resulted from a decrease
in fat mass gain but not a loss of lean mass (Figure 5E and F, and
Figure S4D). Reduced fat mass gain by mAb2 also correlated
with lower leptin and adiponectin levels (Figure S3A and S4B),
two hallmarks of adipose tissue. Liver weight was also signifi-
cantly decreased in the mAb2-treated group compared to the
control or mAbl-treated group (Figure S4C), which correlated
with significant reduction of liver triglyceride content and lipid
reduction in liver histology in our follow-up studies.”> There
were no significant changes in circulating triglyceride and total
cholesterol, even though both trended to lower levels in mAb2-
treated group (Figure S4E and S4F). These results demonstrated
that mAb2 antagonizes the GIPR activity in both wild type and
diet-induced obese mice and improves the metabolic profile over
the course of the treatment.

To further elucidate the molecular mechanism of blocking
GIPR, metabolic-related gene expressions were studied in
epididymal and inguinal white adipose tissue. In both epidi-
dymal and inguinal fat, genes related to the oxidative phos-
phorylation pathway, insulin sensitivity, and lipolysis
pathways, such as prdml6, Pparcla, cidea, Pparg, Adipoq,
Lipe, Pnpla2, were significantly upregulated in mAb2-treated
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mice compared to mAbl, while inflammation-related genes
such as cd44, Sppl, ccl2, ccl7 were significantly downregu-
lated (Figure S5). Overall gene changes were more pro-
nounced in epididymal fat than inguinal fat.

Discussion

Even though both GIP and GLP-1 are incretin hormones that
potentiate insulin secretion in a glucose-dependent manner,
they play different roles in regulating energy homeostasis.
GLP-1 induces satiety and leads to weight loss. While the
primary role of GIP is still being debated, one main function
of GIP is to facilitate the anabolic effect of insulin by promot-
ing fat storage in adipose tissue. Despite the fact that long-
lasting GLP-1 analogs have shown clinical efficacy and
achieved commercial success in treating type 2 diabetes and
obesity in humans, development of therapeutics based on GIP
has not been successful, primarily due to its attenuated insu-
linotropic effect in diabetic patients® and lack of effective GIP
antagonistic agents.* Here, we reveal the molecular mechan-
ism of the superior activity of a GIPR antagonistic antibody,
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Figure 5. Chronic in vivo studies in DIO mice with anti-mouse GIPR antibodies. DIO mice were treated with the antibodies twice a week via IP injection for 7 weeks.
(A) body weight, (B) % of body weight change, (C) glucose level, (D) insulin level, (E) fat mass, (F) lean mass. Results are expressed as the mean and standard error of
the mean. Statistical analysis was performed using one-way or two-way ANOVA with Sidak’s test for multiple comparisons. *** p < .001, ** p < .01, * p < .05 vs.

mAb1.
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mAD2, through detailed structural and functional character-
izations in comparison with a non-neutralizing binder.

Class B GPCR, including glucagon receptor, GLPIR and
GIPR, are characterized by an N-terminal extracellular
domain of about 140 residues that recruits small peptide
hormone. Previous biochemical and structural biology studies
have shed light on the process from peptide hormone recog-
nition to signal transduction to G proteins.>**® A two-step
tethering mechanism was proposed, where the C-terminus of
the peptide hormone first binds to the ECD followed by the
high-affinity binding of the N-terminal half of the peptide to
the transmembrane helical domain. This model is corrobo-
rated by structures of full-length class B GPCRs solved by
crystallography and cryo-EM.*>"*” However, the conforma-
tion of the stalk peptide between the ECD and the first
transmembrane helix and its functional consequence remain
elusive, even though this segment is a pivot point between the
ECD and TM domain.

Our structure of GIPR with mAb2 reveals that, in the
presence of the antagonistic antibody, the stalk region not
only adopts a distinctive a-helical structure that is not
reported in previous structures, but also seems to act as an
auto-inhibitory pseudo ligand. While the stalk region pos-
sesses no homology with the GIP peptide, three hydrophobic
residues from the stalk region align well with the conserved
hydrophobic residues in GIP in the helical conformation and
maintain the critical vdW interactions with GIPR ECD in the
peptide-binding site. Thus, the stalk region of GIPR in the
presence of the full antagonist mAb behaves like a molecular
mimic of the ligand peptide. Interestingly, the stalk region was
shown to adopt significantly different conformations ranging
from disordered in the cryo-EM structure of full-length
GLPIR with a partial agonist peptide® and in various com-
plex structures of GPCR ECD with either peptide hormone or
antibodies,”®*****7 to a B-strand in the crystal structure of
GCGR with a negative modulator,”” to an a-helix in the
crystal structure of GCGR with an agonistic peptide.’®
Computation prediction suggests that the secondary structure
of the stalk region can adopt a helical conformation by itself
in solution.” A wealth of structural information suggests that
the various conformational states of the stalk peptide could be
related to the different activation states of the class B GPCR.
Of note, Koth et al. have proposed that the ECD of GCGR can
negatively regulate receptor activity independent of ligand
binding.>” Our data provide direct evidence that the stalk
peptide may act as an auto-inhibitory pseudo ligand to nega-
tively regulate receptor activity.

Here, we propose a molecular model to illustrate the dif-
ferential effects of antagonistic antibody mAb2 and endogen-
ous ligand GIP (Figure 6). In the absence of a peptide ligand,
GIPR ECD is in equilibrium between a conformation in
which the peptide binding site is fully accessible with the
stalk disordered (Figure 6A) and an auto-inhibited conforma-
tion in which the peptide binding site is occupied by the stalk
peptide in a helical conformation (Figure 6B). Upon binding
of the C-terminal half of GIP to the ECD region (Figure 6C),
both ECD and stalk undergo conformational changes and
align the ECD to the transmembrane domain to allow effi-
cient binding of the N-terminal half of GIP to the peptide-

binding site in the TM domain (Figure 6D). The peptide-
bound GIPR then recruits G proteins and initiates the down-
stream signaling process. In the presence of antagonistic
antibody mAb2, the antibody approaches the ECD in one
of the two states. It can bind to the ECD where the stalk
peptide is disordered (Figure 6A) and mADb2 binding induces
the peptide to adopt a helical conformation and dock into
the peptide-binding site. mAb2 can also recognize the ECD
when the stalk peptide is docked in the GIP binding site as
a helical peptide ligand mimic (Figure 6B). The consequence
of both scenarios is that mAb2 stabilizes the receptor in
a similar auto-inhibited inactive state (Figure 6E) and dis-
plays superior antagonistic activity in both in vitro and
in vivo assays. Interestingly, the structure of a previous
reported GIPR antagonistic antibody gipg013 did not reveal
this auto-inhibitory mechanism.*® The inhibitory effect of
gipg013 is likely the result of simple competition with the
endogenous ligand-binding site.

Our data demonstrate that antagonistic anti-mouse GIPR
antibodies decreased body weight gain and improved meta-
bolic profiles in DIO mice, as part of our early discovery effort
to understand the GIPR biology. We later discovered that the
anti-GIPR antagonistic antibodies combined with GLPIR
agonist synergistically enhanced weight loss in DIO mice
and non-human primates.’® This synergism is profound and
intriguing, since GIP/GLP-1 co-agonism has demonstrated
synergistic weight loss in multiple animal models** and
demonstrated effects in a recent Phase 2 clinical trial of co-
agonist LY3298176.*" While the effect of GLP-1R agonism on
weight loss is mainly due to reduced food intake, GIPR
antagonism is more complicated,”* and further studies are
warranted.

Obesity and type-2 diabetes affect millions of people
worldwide. There are still significant unmet medical needs
for effective treatment for diabetes, as well as obesity. Our
data established the anti-obesity effect of GIPR antagonism
using a pharmacological approach and paves the way for
further study to evaluate the efficacy and safety of therapeutic
antibodies against GIPR for treatment of obesity and type 2
diabetes.

Materials and methods
Materials

The mouse anti-mouse GIPR antibodies were generated using
a DNA immunization method by the Amgen hybridoma
group.”® To generate mouse anti-murine GIPR antibodies, five
female 8-12-week-old 129/C57Bl6 mice (Charles River) were
immunized 3 times with DNA expression plasmids encoding
the full-length murine GIPR. The murine GIPR coding
sequence was flanked on the N and C terminus with hetero-
logous T-cell epitopes. For each boost, 50 ug of the DNA
expression vector was diluted into phosphate-buffered saline
and subcutaneously injected. DNA was then delivered to the
mouse using the BTX T830 electroporation generator according
to the manufacturer’s instructions (Harvard Apparatus). Sera
were collected 4-6 weeks after the first immunization and
murine GIPR-specific titers were determined by live-cell
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Figure 6. Scheme of antagonist antibody and endogenous ligand GIP-induced conformation changes. (A) GIPR ECD in an open conformation in which the peptide
binding site is free. (B) GIPR ECD in an auto-inhibited conformation in which the peptide binding site is occupied by the stalk peptide (red). (C) GIP binds to GIPR ECD,
(D) GIP inserted into the GIPR TMD and recruits the G protein complex. (E) Antagonistic antibody mAb2 binds to the GIPR ECD. GIPR 7-helix TMD is shown as blue
cylinder. GIPR ECD is shown as cyan cartoon and the stalk region is colored in red. mAb2 is shown as light blue surface and the G-protein complex is shown as
magenta/wheat/green surface. The GIP peptide is shown as yellow cartoon. The membrane is shown as beige cartoon.

fluorescence-activated cell sorting (FACS) using Chinese ham-
ster ovary (CHO) cells stably expressing mouse GIPR. Animals
exhibiting satisfactory titers were identified and were given
a final boost (5 days prior to harvest), with 5 x 10° human
embryonic kidney (HEK)-293-6E cells transiently expressing
murine GIPR via IP and harvested for hybridoma generation
using Sp2/0-Agl4 (ATCC) cells as fusion partners. All animals
were cared for in accordance with the Amgen Institutional
Animal Care and Use Committee in Thousand Oaks, CA. To
identify mouse anti-murine GIPR-specific monoclonal antibo-
dies, hybridoma supernatants were screened by fluorometric
microvolume assay technology (FMAT) (FMAT 8200
Screening System; Molecular Devices). Hybridoma supernatants
displaying positive signals in FMAT screening were confirmed
by high-throughput FACS for binding to transiently transfected
HEK-293-6E cells expressing murine GIPR. Finally, hybridoma
supernatants were screened in a cAMP functional assay and top
clones with neutralizing activity were selected for sequencing.
All the GIP peptides and its analogs were purchased from
Phoenix Pharmaceuticals.

The sequences of the Fab of mAbl and mAb2 are as follows:

mAb1 heavy chain
DVQLVESGGGLVQPGGSRKLSCAASGFTFSSFGMHW VR
QAPEKGLEWVAYISSGSSTIYYADTVKGRFTISRDNPKN
TLFLQMTSLRSEDTAMYYCARGKYPTWIAYWGQGTLV
TVSAAKTTPPSVYPLAPGSAAQTNSMVTLGCLVKGYFP
EPVTVTWNSGSLSSGVHTFPAVLQSDLYTLSSSVTVPSST
WPSETVTCNVAHPASSTKVDKKIVPRDCGCKPC

mAbT1 light chain
DIVMTQSPSSLTVTAGEKVTMSCKSSQSLLNSGNQKNYLT
WYQQKPGQPPKLLISWASTRDSGVPDRFTGSGSGTDFT
LTISSVQAEDLAVYYCQNDYSYPLTFGAGTKLELKRAD
AAPTVSIFPPSSEQLTSGGASVVCFLNNFYPKDINVKWK
IDGSERQNGVLNSWTDQDSKDSTYSMSSTLTLTKDEYER
HNSYTCEATHKTSTSPIVKSFNRNEC

mAb2 heavy chain
QVQLQQPGAELVKPGASVKLSCRASGYTFTSNWMHW
VKQRPRQGLEWIGEINPSNGRSNYNEKFKTKATLTVDK
SSSTAYMQLSSLTSEDSAVYYCARFYYGTSWFAYWGQG
TLVAVSAAKTTPPSVYPLAPGSAAQTNSMVTLGCLVKGY
FPEPVTVTWNSGSLSSGVHTFPAVLQSDLYTLSSSVTVPS
STWPSETVTCNVAHPASSTKVDKKIVPRDCGCKPC

mAb?2 light chain
DVVMTQTPLSLPVSLGDQASISCRSSQSLVHSNGDTYLH
WYLQKPGQSPKLLIYKVSNRFSGVPDRFSGSGSGTDFTL
KISRVEAADLGVYFCSQSTHVPPFTFGGGTKLEIKRADAA
PTVSIFPPSSEQLTSGGASVVCFLNNFYPKDINVKWKIDG
SERQNGVLNSWTvDQDSKDSTYSMSSTLTLTKDEYERHN
SYTCEATHKTSTSPIVKSENRNEC

Camp cell-based assay and kinexa binding assay

The cAMP cell-based assay and KinExA binding assay were
previously described.”> cAMP was measured with HTRF dynamic
cAMP assay kit (Cisbio) using CHO cells stably expressing mouse
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GIPR stimulated with 6 pM mouse GIP. The binding affinity of
mouse anti-mouse GIPR antibody with mouse GIPR target mem-
branes were determined using KinExA.

In vivo insulinotropic effect of exogenous GIP during
IPGTT

Eight-week-old male C57BL/6 mice were weighed and ran-
domized into three groups: no DAGIP (N = 8), DAGIP
alone (N = 7), and DAGIP with 30 mg/kg mAb 1 (N = 8).
Immediately post randomization, the first two groups
received vehicle (10 mM acetate, 9% sucrose, PH5.2), and
the third group received mAb2. All were given via IP injec-
tion. Approximately 24 hlater, baseline blood glucose levels
were measured after mice were fasted for 4 h. A dose of
DAGIP (Phoenix Pharmaceuticals) at 50 nmol/kg or saline
(no DAGIP group) was given IP, followed with an IP dose
of glucose at 2 g/kg immediately. Blood samples were col-
lected at 10 min, and blood glucose was measured with
a glucometer at 30-min post glucose administration. Serum
was obtained from the collected blood samples and insulin
levels were determined using mouse insulin ELISA (ALPCO
Diagnostics). mAbl was tested in a separate experiment
using the same procedure. In this experiment, male
C57BL/6 mice at 9-weeks old were randomized into three
groups: no DAGIP (N = 8), DAGIP alone (N = 7), and
DAGIP with 30 mg/kg mAb2 (N = 8).

Chronic efficacy studies in DIO mice

Male C57BL/6 DIO mice at 18 weeks of age that had been fed
an HFD for 12 weeks prior to purchase were randomized into
groups (N = 10 per group) based on body weight, glucose, and
insulin levels. Mice were administered via IP injection twice
a week for 7 weeks with one of the treatments: vehicle, mAbl
(10 mg/kg), and mAb2 (10 mg/kg). Body weight was recorded
once a week or as indicated. Fat mass and lean mass were
measured using Minispec whole body composition analyzer
(Bruker). Four-hour fasting blood glucose levels were mea-
sured from tail vein using a blood glucose meter (Abbott).
Fasting serum insulin levels were determined using mouse
insulin ELISA (ALPCO Diagnostics). At termination of the
study, liver and epididymal fat were collected and weighed.
Epididymal fat and inguinal fat were collected for RNA ana-
lysis. Serum triglyceride levels were measured using an infi-
nity triglyceride assay kit (Thermo Scientific). Serum total
cholesterol levels were measured using an infinity total cho-
lesterol assay kit (Thermo Scientific).

Protein expression and purification

Mouse GIPR ECD (residue numbers 19 to 134, lacking the
N-terminal signal sequence) was cloned into the pET30 vector
(Novagen, Madison, WI) for bacterial expression. Large-scale
protein production was carried out in Escherichia coli BL21
(DE3) cells (Stratagene, La Jolla, CA); the protein was produced
as inclusion bodies. Lysis of the cells and isolation and

solubilization of inclusion bodies were performed as
described.” Refolding was carried out by rapid dilution into
buffer containing 100 mM Tris (pH 8.5), 800 mM arginine,
2 mM glutathione, 5 mM glutathione disulfide, and 3 mM
EDTA, and refolding continued for 48 h at 4°C. Refolded
GIPR ECD was purified by hydrophobic interaction chromato-
graphy (butyl-Sepharose 4FF; GE healthcare) and by gel filtra-
tion (Superdex 75 HR 16/60; GE healthcare), both steps in the
presence of 500 mM arginine. Before complex formation, the
purified mouse GIPR ECD was polished by gel filtration in
a buffer containing 25 mM Hepes, pH 7.4, and 150 mM NaCl.

Mouse antibody mAbl and mAb2 were expressed in 293-
6E cells and purified by protein A column. Fabs were gener-
ated using Pierce Fab preparation kit.*> Cleaved Fab was
further purified by cation exchange chromatography
(MonoS; GE Healthcare) and by gel filtration chromatography
(Superdex 75 HR 16/60; GE Healthcare).

Complex formation and crystallization

The complex of mouse GIPR ECD with Fabl was formed by
incubating Fabl with excess molar ratio of mouse GIPR ECD
protein and was purified by size exclusion chromatography
(Superdex 200; GE Healthcare) in buffer containing 25 mM
Hepes, pH 7.4, and 150 mM NaCl. The ternary complex of
mouse GIPR ECD with Fabl and Fab 2 was formed by incubat-
ing purified mouse GIPR ECD/Fab1 complex with excess molar
ratio of Fab2, and was purified by size exclusion chromatogra-
phy (Superdex 200; GE Healthcare) in buffer containing 25 mM
Hepes, pH 7.4, and 150 mM NaCl. The purified complex was
then concentrated to 8 mg/ml for crystallization. The mouse
GIPR/Fabl complex was crystallized by sitting drop vapor diffu-
sion method at 20°C with 1:1 protein solution to reservoir
solution of 10% PEG10,000, 0.1 M sodium citrate, pH 5.0 and
15% isopropanol. The mouse GIPR/Fab1/Fab2 ternary complex
was crystallized by sitting drop vapor diffusion method at 20°C
with 1:1 protein solution to reservoir solution of 0.1 M Bis-Tris,
pH 5.5, 02 M MgCl2, and 25% PEG3350. The crystals were
flash-frozen with liquid nitrogen using oil as cryoprotectant.

Structure solution

The X-ray diffraction data sets were collected at the synchro-
tron beamline 502 at Advanced Light Source (ALS) in Berkeley,
California or beamline 22-ID at the Argonne Photon Source of
Argonne National Laboratory in Chicago. The structure was
solved by molecular replacement with PHASER*® using pub-
lished human GIPR ECD structure (PDB access code: 2QKH).
Model building was carried out in COOT*, and refinement
was done in REFMAC5* in the CCP4 program suite.* Final
refinement is performed with Phenix.refine with default para-
meters including coordinate and Atomic Displacement
Parameter refinement.”’” Structural data have been deposited
in RCSB with PDB codes 609H (mGIPR-Fabl) and 6091
(mGIPR-Fabl-Fab2 ternary complex). All structural figures
were prepared using Pymol (Schrodinger Inc.). The data collec-
tion and refinement statistics are presented in Table S1.
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