I

MOLECULAR
METABOLISM

Check for
updates

Glucagon-like peptide-1 receptor co-agonists for
treating metabolic disease
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ABSTRACT

Background: Glucagon-like peptide-1 receptor (GLP-1R) agonists are approved to treat type 2 diabetes and obesity. They elicit robust im-
provements in glycemic control and weight loss, combined with cardioprotection in individuals at risk of or with pre-existing cardiovascular
disease. These attributes make GLP-1 a preferred partner for next-generation therapies exhibiting improved efficacy yet retaining safety to treat
diabetes, obesity, non-alcoholic steatohepatitis, and related cardiometabolic disorders. The available clinical data demonstrate that the best GLP-
1R agonists are not yet competitive with bariatric surgery, emphasizing the need to further improve the efficacy of current medical therapy.
Scope of review: In this article, we discuss data highlighting the physiological and pharmacological attributes of potential peptide and non-
peptide partners, exemplified by amylin, glucose-dependent insulinotropic polypeptide (GIP), and steroid hormones. We review the progress,
limitations, and future considerations for translating findings from preclinical experiments to competitive efficacy and safety in humans with type
2 diabetes and obesity.

Major conclusions: Multiple co-agonist combinations exhibit promising clinical efficacy, notably tirzepatide and investigational amylin com-
binations. Simultaneously, increasing doses of GLP-1R agonists such as semaglutide produces substantial weight loss, raising the bar for the
development of new unimolecular co-agonists. Collectively, the available data suggest that new co-agonists with robust efficacy should prove

superior to GLP-1R agonists alone to treat metabolic disorders.

© 2020 The Author(s). 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

The development of glucagon-like peptide-1 receptor (GLP-1R) ago-
nists to treat type 2 diabetes (T2D) and obesity [1] has sparked
considerable efforts to develop next-generation therapies that are more
effective than GLP-1R agonists alone. Although both T2D and obesity
represent major therapeutic opportunities for new co-agonists, obesity
is a disorder with a greater unmet need for safe and meaningfully
effective therapies. Notably, bariatric surgery is the most effective
current intervention for simultaneous reduction of body weight and
resolution of T2D, setting a high bar for developing innovative new
medicines. GLP-1-containing co-agonists are also being investigated
to treat non-alcoholic steatohepatitis (NASH), a condition that is
common in those with obesity and T2D and increasing in incidence [2],
for which drug development is challenging and few effective therapies
are available [3]. Given the extensive 15-year clinical experience with
GLP-1R agonists, including an established safety profile in cardio-
vascular disease settings, this review will consider whether comple-
mentary mechanisms of action, when combined with GLP-1, might be
effective yet safe new agents that are superior to GLP-1R agonists
alone as therapy for metabolic disorders.

The rationale for developing peptide multi-agonists is supported by
normal gut physiology, as the majority of peptide-secreting enter-
oendocrine cells are plurihormonal [4,5], and the gut secretes dozens
of peptide hormones exerting glucoregulatory and/or anorectic activity
[6]. The plurihormonal biology of gut endocrine cells is exemplified by L
cells that express the proglucagon (GCG) gene, often together with
neurotensin, cholecystokinin, and peptide YY [6]. Proglucagon-derived
peptides (PGDPs) include GLP-1, glucagon, and oxyntomodulin, three
peptides with unique metabolic activities suitable for treating diabetes
or obesity [7]. The premise that combinatorial peptide therapy holds
great therapeutic potential stems from multiple preclinical studies,
emerging clinical data, and the remarkable results of bariatric surgery,
an intervention associated with sustained increases in the circulating
levels of multiple gut hormones [8,9]. Collectively, the current evidence
suggests that simultaneous activation of peptidergic pathways may be
useful for treating metabolic disorders. Nevertheless, the process of
developing unimolecular agonists is challenging, entailing a precise
understanding of the optimized ratios of each contributing molecular
entity and potential complexity in interpreting unanticipated side ef-
fects. In this article, we review peptide candidates and their mecha-
nisms being considered for co-agonist therapy with GLP-1 and
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highlight differences in rodent vs human biology and key unanswered
considerations important for achieving clinical success.

2. AMYLIN

Amylin, also referred to as islet amyloid polypeptide (IAPP), is a 37
amino acid peptide that acts as both a neuropeptide and circulating
endocrine hormone co-secreted with insulin from islet B cells. Amylin
is also produced, at lower levels, in enteroendocrine cells. Amylin
activates multiple amylin receptors comprised of calcitonin receptor
(CTR) encoded by CALCR as well as different receptor activity-
modifying proteins (RAMP) [10]. At least two different CTR splice
variants may combine with 3 different RAMP proteins, potentially
generating 6 distinct amylin receptors. Whether amylin acts to reduce
food intake by primarily targeting neuronal and/or non-neuronal cell
types in the hindbrain or other brain regions is not completely un-
derstood [10]. However, lesioning of the area postrema ablates the
chronic satiating activity of amylin after a 7-day continuous intraper-
itoneal infusion in adult male rats fed a 17% fat diet [11]. Moreover, the
anorectic actions of davalintide, a dual CTR/amylin receptor co-
agonist, were markedly diminished in mice with genetic reduction of
CTR expression in the nucleus of the solitary tract in mice [12]. These
studies collectively illuminate the importance of the hindbrain for the
pharmacological actions of amylin agonists.

Studies in mice support physiological roles for both endogenous amylin
action acting through the CTR on proopiomelanocortin (POMC) neurons
and pharmacological amylin agonism in the control of energy ho-
meostasis, encompassing locomotor activity, energy expenditure, and
food intake [13]. Long-acting amylin analogs designed to avoid peptide
aggregation as well as dual amylin and calcitonin receptor agonists
(DACRA) produce robust weight loss in preclinical studies. A human
amylin analog, pramlintide, was approved for therapy for type 1 dia-
betes and T2D in the US and lowers glucose by inhibiting gastric
emptying and suppressing glucagon secretion (Figure 1), actions
mediated by the activation of amylin receptors in the brain [10].
Nevertheless, the requirement for multiple daily injections and the

comparatively modest effect on glycemic control and body weight
result in limited clinical uptake of pramlintide.

The combined administration of amylin and leptin produces robust
weight loss in preclinical studies of animals with diet-induced leptin
resistance [14,15]. The mechanisms contributing to this combination’s
efficacy may include central potentiation of hypothalamic interleukin-6
(IL-6) activity enabling post-leptin receptor potentiation of leptin action,
as genetic or pharmacological interruption of IL-6 action attenuates the
weight loss activity of amylin in mice [16]. Notably, combination
therapy with pramlintide (360 pg twice daily) and metreleptin (5 mg
twice daily) produced considerable weight loss (mean 12.7 kg) over 20
weeks in overweight or obese human subjects [17]. Immunoneutral-
izing anti-leptin antibodies have been described in a small subset of
subjects treated with metreleptin who also experienced transient
weight gain or deterioration of metabolic control; however, the clinical
significance of these findings remains uncertain [18]. Combinations of
pramlintide (120 ug t.i.d.) and either phentermine or sibutramine
produced greater efficacy (~ 10% weight loss) than pramlintide alone
in subjects with obesity studied over 24 weeks [19]. Long-acting
amylin analogs continue to be investigated, alone or in combination
with GLP-1R agonists, in clinical trials of subjects with obesity [19].
AM833, an investigational human amylin analog formulated for once
weekly administration, has been assessed in short-term clinical
studies in human subjects with obesity with or without co-
administration of once-weekly semaglutide. AM833 at a dose of
4.5 mg achieved up to 10.8% weight loss as monotherapy over 26
weeks and weight loss of 17.1% in combination with semaglutide over
20 weeks [20]. Whether greater weight loss relative to semaglutide
alone can be achieved with longer exposure to and different ratios of
amylin-semaglutide combinations remains uncertain.

3. CHOLECYSTOKININ
Cholecystokinin (CCK) is a gut peptide that circulates in multiple mo-

lecular forms ranging from 8 to 58 amino acids. CCK inhibits food
intake and reduces body weight in preclinical studies, actions
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Figure 1: Actions of GLP-1, amylin, fibroblast growth factors (FGFs), leptin, and glucagon on key target organs relevant to metabolism.
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predominantly mediated by the CCKAR gene encoding the cholecys-
tokinin A receptor (CCK1R) [21]. Early human studies failed to show
weight loss following a 24-week trial with GI181771X, a CCK1R
agonist [22]. Nevertheless, CCK continues to be studied as a possible
therapeutic candidate for weight loss. Combined administration of a
CCK1R agonist together with amylin or a GLP-1R agonist over 14—28
days produced considerably greater weight loss relative to mono-
therapy in mice and rats [23]. Consistent with these findings, the
administration of a long-acting CCK1R agonist for 13 weeks produced
sustained reductions in food intake and weight loss in obese Gottingen
mini-pigs [24]. A unimolecular CCK1R agonist AC170222-exenatide
analog, designated C2816, was demonstrated to be a full agonist at
both the GLP-1R and CCK1R receptors in vitro and produced ~ 28%
weight loss over 10 days in mice with diet-induced obesity [25].
Whether CCK agonism as a component of combination therapy is
sufficient to produce long-term sustained weight loss in humans with
obesity remains uncertain.

4. FIBROBLAST GROWTH FACTORS (FGFS)

FGFs encompass a large family of structurally related proteins that act
locally as well as in an endocrine manner, producing metabolic actions
in preclinical studies that include reduction of glycemia, body weight,
and plasma lipid levels. FGFs generally enhance insulin action and
might theoretically be complementary to classical incretin actions of
GLP-1 focused on the islets (Figure 1). A single administration of FGF1
peripherally or into the brain produces remarkable sustained remission
of experimental diabetes in preclinical studies [26,27], findings
postulated to arise in part through increased hepatic glucose uptake
[28]. Although the mechanisms transducing the sustained actions of
FGF1 remain enigmatic, FGF1 administration together with pharma-
cological antagonism of the melanocortin-4 receptor in Lep"”/"b mice
highlights a key role of melanocortin signaling in transducing actions of
FGF1 resulting in prolonged remission of experimental diabetes [29].
Peripheral administration of recombinant FGF1 in hyperglycemic mice
produces robust glucose control and enhanced insulin sensitivity,
actions dissociated from changes in cell proliferation, weight gain, or
bone loss [27]. Moreover, peripheral administration of recombinant
FGF1 also reduced hepatic fat accumulation and liver inflammation
without induction of proliferation or fibrosis in mice with experimental
liver injury [30]. FGF1 analogs engineered to exhibit diminished
mitogenic potential continue to be explored to treat metabolic disorders
such as diabetes and NASH.

FGF19, a human hormone that exhibits 51% amino acid identity with
mouse FGF15, is produced predominantly in the gut, mimics a number
of metabolic actions of FGF21, and levels of FGF19 increase in the
circulation after bariatric surgery [31]. NGM282 (aldafermin), an analog
of FGF19 that was engineered to exhibit reduced mitogenicity, reduced
liver fat, but not blood glucose, after once daily administration for 28
days in human subjects with T2D [32]. Moreover, a 12-week course of
NGM282 improved liver histology and reduced liver fat as well as
biomarkers of inflammation and fibrosis in human subjects with
biopsy-proven NASH [33].

FGF21 is a circulating hormone produced in multiple tissues, induced
in the fasting state, and implicated in the metabolic response to fasting
[34]. Multiple studies with FGF21 and FGF21 analogs demonstrate
robust control of glucose and body weight reduction in preclinical
studies. Gaich et al. examined the actions of the FGF21 analog
LY2405319 in human subjects with obesity and T2D over 28 days [35].
Body weight was modestly reduced (—1.75 kg) but glycemia was not
different; however, circulating levels of low-density lipoprotein
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cholesterol and triglycerides were reduced, whereas levels of high-
density lipoprotein cholesterol were increased.

Considerable ongoing interest in FGF21 stems from its actions to
reduce liver fat. Preclinical studies with a long-acting polyethylene
glycosylated (PEGylated) FGF21 analog, B1344, in non-human pri-
mates with non-alcoholic liver disease demonstrated reduction of
steatosis, attenuation of inflammation and fibrosis, and reduced he-
patocyte injury after 11 weeks of therapy as assessed by analyzing
liver biopsies [36]. B1344 also attenuated hepatic inflammation and
liver injury in mice with experimental liver injury secondary to a
methionine- and choline-deficient diet. A long-acting FGF21 analog,
pegbelfermin, administered once a day at a dose of 10 or 20 mg for 16
weeks to overweight or obese human subjects with NASH reduced
hepatic fat without changes in body weight or bone mineral density
[33]. A 4-week trial of once-weekly administration of a long-acting
FGF21 analog, PF-05231023, increased systolic and diastolic blood
pressure and heart rate while reducing triglycerides without changing
body weight in obese human subjects with hypertriglyceridemia with
or without T2D [37]. Zhou et al. created a hybrid FGF molecule by
combining FGF1 core sequences with the carboxy-terminal tail of
FGF21 to create a FGF1HBS-FGF21C-tail hybrid. The chimeric FGF
protein exhibited reduced mitogenic activity, prolonged circulating tyo,
and substantial glucose-lowering activity in mice and monkeys with
experimental diabetes [38].

Gilroy et al. developed a unimolecular recombinant fusion protein
encoding a long-acting GLP-1-FGF21 co-agonist using elastin-like
polypeptide (ELP) linker technology to join the peptides, enabling
continuous drug delivery via subcutaneous depots [39]. Remarkably,
the ECsg of GLP1-ELP-FGF21 (23.9 & 5.7 pM) for GLP-1R was similar
to that of GLP1-ELP alone (29.5 &+ 5.0 pM). The GLP1-ELP-FGF21
fusion protein produced more effective reduction of glycemia and body
weight relative to the administration of the single agonists or an
equimolar mixture of GLP1-ELP and ELP-FGF21 without evidence of
fasting-associated hypoglycemia [39]. Whether FGF co-agonists can
be developed for metabolic disorder therapy without risks of osteo-
porosis or unwanted cell proliferation remains unclear. Nevertheless,
as both GLP-1R and FGF agonists are being investigated for NASH, it
seems reasonable to consider a combinatorial approach given their
distinct mechanisms of action.

5. GLUCAGON

Naturally occurring 37 amino acid oxyntomodulin contains the amino
acid sequence of glucagon (GCG) and an 8 amino acid carboxyterminal
extension and binds to the glucagon and GLP-1 receptors [7,40].
Classic physiology positions glucagon as a hormone with counter-
regulatory activity that acutely increases glucose levels, raising
concern about its use as a component of metabolic disease therapy.
However, glucagon also inhibits food intake leading to weight loss,
actions mediated through both the glucagon receptor (GCGR) and GLP-
1R [41,42]. Indeed, a combination of peptide mutagenesis to eliminate
the glucagon activity from oxyntomodulin, combined with studies in
Glp7r’/ ~ mice or WT mice using a GCGR antagonist, have highlighted
the importance of both the GCGR and GLP-1R for the maximal weight
loss effect ensuing from oxyntomodulin administration [43]. The ac-
tions through which GCG produces weight loss in preclinical studies
are complex and include central effects and upregulation of FGF21
expression in the liver through mechanisms requiring the hepatic
GCGR [44]. GCG increases FGF21 levels in mice and humans, impli-
cating an indirect role for FGF21 in a subset of the metabolic actions of
GCG converging on lipid metabolism and weight loss [45]. Glucagon
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also increases energy expenditure and brown adipose tissue (BAT)
activity in mice [46], actions that are partially diminished in Fgf21’/ -
mice [46]; however, whether glucagon promotes meaningful BAT
activity in humans is less clear [47]. Sustained GCG action has been
associated with enhanced insulin-stimulated glucose disposal in lean
and obese mice [44]. When used in combination with GLP-1,
glucagon-containing co-agonists consistently reduce hyperglycemia
in preclinical studies. As each GCGR-GLP-1R co-agonist contains a
different set of affinities for the two receptors, it is not possible to make
general conclusions about their mechanisms of action. Cotadutide, a
dual GCGR-GLP1R investigational co-agonist under examination for
treating NASH, reduced body weight in mice through mechanisms
requiring the GLP-1R [42].

Preclinical studies demonstrated superior weight loss (by up to 30%)
with cotadutide relative to liraglutide in mice with diet-induced obesity
attributed to reductions in food intake and increased energy expen-
diture [41]. Daily cotadutide administration also reduced body weight
by up to 11% in normal weight cynomolgus monkeys over 8 weeks
[41]. Substantial reduction in glycemia, fat mass, and body weight was
achieved following the administration of a DPP-4-resistant PEGylated
GCGR-GLP-1R co-agonist in mice and rats with diet-induced obesity,
actions attributed to substantial augmentation of energy expenditure
[48]. The importance of GCG for co-agonist activity was demonstrated
in studies of GIpIr*’ ~ mice that lost substantial body weight yet also
exhibited a deterioration of glucose tolerance after 4 weeks of co-
agonist administration [48].

A dual GCGR-GLP-1R co-agonist formulated by introducing key GCG
amino acid residues into the exendin-4 structure produced a robust
inhibition of food intake and weight loss to a greater extent than similar
doses of liraglutide in mice and monkeys with diet-induced obesity
[49]. Consistent with the importance of GLP-1R for co-agonist activity,
the dual agonist increased glycemic excursion in G/p7r*/* mice.
Preclinical studies have also assessed the importance of glucagon
action when incorporated together with sequences from GLP-1 (and
exendin-4) and GIP into a unimolecular acylated DPP-4- resistant tri-
agonist that augments cAMP accumulation through the GCGR, GIPR,
and GLP-1R [50]. Administration of the tri-agonist produced ~ 30%
weight loss in mice with diet-induced obesity, actions arising through a
combination of reduced food intake and increased energy expenditure.
Studies of the tri-agonist in Gcgr‘/ ~mice revealed the preservation of
glucoregulatory action, yet substantial diminution of the weight loss
effects, highlighting the important contribution of GCGR activation in
the metabolic activity of the tri-agonist [50]. Notably, the administration
of an acylated glucagon agonist alone produced ~ 20% weight loss in
high-fat diet-fed mice, and the extent of weight loss was enhanced
when the glucagon agonist was combined with a GLP-1-GIP co-
agonist. Hence, these findings highlight the contributions of GCGR
activation to achieve weight loss in preclinical studies [50].

5.1. Glucagon-GLP-1 co-agonists and non-alcoholic steatohepatitis
(NASH)

The actions of GCG on hepatic lipid metabolism combined with
weight loss following GCG administration have prompted studies of
GCGR-GLP-1R co-agonists in animal models of NASH. Indeed, he-
patic GCGR signaling is essential for fatty acid oxidation as well as
hepatic triglyceride synthesis and secretion in mice [51]. GCG re-
duces murine hepatic lipid content through multiple direct and in-
direct GCGR-dependent mechanisms [42]. De novo lipogenesis was
markedly reduced in mice treated with either a selective GCG agonist,
G1437, or cotadutide, associated with phosphorylation and inhibition
of multiple enzymes in the hepatic lipid synthesis pathway [42].

Notably, both selective GCG agonism and cotadutide increased
Ppargcia expression and enhanced mitochondrial biogenesis in
mouse and human hepatocytes and restored basal respiratory rates
in hepatocytes isolated from mice with NASH. Cotadutide produced
greater improvement in liver histology, including reductions in
steatosis, inflammation, and fibrosis relative to cohorts treated with
liraglutide, in mice with experimental NASH after similar degrees of
weight loss [42]. Hence, GCG agonism may indirectly improve
experimental components of NASH via weight loss and through direct
actions to reduce hepatic lipogenesis and augment mitochondrial
oxidative capacity [42].

5.2. Human studies with GCG co-agonists

Notwithstanding the robust weight loss effects of GCGR-GLP-1R co-
agonists evident in preclinical studies, the available clinical data for
these agents to date has engendered less enthusiasm. Glucagon-
GLP-1 co-agonists designed for once weekly administration, such
as efinopegdutide, LY2944876, SAR425899, and MEDI-0382 (cota-
dutide), have been assessed in short-term clinical trials in subjects
with obesity and T2D. Although meaningful reductions in glycemia
and body weight have been observed, it remains unclear whether
these co-agonists produce superior reductions in body weight and
HbA1c relative to optimized GLP-1R agonists alone in these patient
populations [52,53].

Both native glucagon and GCGR-GLP-1R co-agonists acutely increase
energy expenditure in short-term studies over hours to days in humans
[54—57]. However, there is little evidence that these actions are
sustained with chronic administration. The dual glucagon-GLP-1 co-
agonist SAR425899 was administered to overweight or obese human
subjects for 28 days, improving glucose control and resulting in a
maximal weight loss of 5 kg [52,58]. Despite these results, there are
no ongoing clinical studies of SAR425899. Cotadutide was adminis-
tered once daily for 49 days to overweight or obese subjects with T2D
[59]. While cotadutide attenuated meal-related glycemic excursion and
inhibited gastric emptying, body weight loss was ~ 3.4%, substan-
tially less than reported in preclinical studies. In a separate study, daily
cotadutide administration for 41 days reduced fasting glucose and
HbA1c and decreased liver fat and volume; however, placebo-
subtracted weight loss was 2.14 kg [53]. Cotadutide was subse-
quently studied at doses ranging from 100 to 300 mg once daily in
overweight or obese subjects with T2D. Study participants treated with
300 mg once daily exhibited weight loss of ~4.4 kg at 54 weeks,
greater than that observed with liraglutide (https://clinicaltrials.gov/ct2/
show/results/NCT03235050) yet slightly less than the maximal weight
loss achieved with semaglutide in similar patient populations [60]. The
available human data for glucagon-GLP-1 co-agonists assessed in the
context of T2D or obesity suggests that the best of these agents may
currently be comparable but not superior to results obtained with GLP-
1R agonists.

6. GLUCOSE-DEPENDENT INSULINOTROPIC POLYPEPTIDE
(GIP)

Combining GLP-1 with its incretin partner GIP is a promising strategy
(Figure 2) under investigation for treating T2D and obesity. GIP is a 42
amino acid peptide that is produced within and released from intestinal
K cells that are located primarily in the proximal small bowel. Similar to
GLP-1, GIP is secreted in response to nutrient ingestion and enhances
meal-stimulated insulin secretion in a glucose-dependent manner by
activating its cognate GIP receptor (GIPR) in pancreatic beta cells [61].
GIP also exerts modest effects to increase glucagon secretion during
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Figure 2: Metabolic actions of GLP-1 and GIP on key target tissues.

hypoglycemia and suppress glucagon levels during hyperglycemia
[62]. GIP also targets bone and adipose tissue, acutely inhibiting bone
resorption [63] while exerting anabolic actions to promote lipid ac-
cretion in fat cells [64]. More recent preclinical studies have demon-
strated that the central genetic activation of GIPR -+ neurons in the
hypothalamus may also reduce food intake and promote weight loss
[65], findings consistent with the peripheral administration of long-
acting degradation-resistant GIPR agonists in mice with diet-induced
obesity [66].

Initial enthusiasm for the therapeutic use of GIP in humans with T2D
was tempered by the demonstration that in contrast to GLP-1, the
insulinotropic effects of acute GIP administration are diminished in
patients with T2D [67,68]. Moreover, several preclinical studies
demonstrated that loss of GIP secretion or genetic, immunologic, or
pharmacological attenuation of GIP action promoted weight loss [69—
73]. Thus, there appeared to be little incentive to pursue strategies that
activated the GIPR to treat T2D. Consequently, the initial focus shifted
to developing GLP-1R agonists to treat T2D [1]. However, renewed
interest in the therapeutic potential of GIP emerged with studies
showing that improving glucose control with antidiabetic therapies
could restore the insulinotropic effect of GIP in patients with T2D [74—
76]. The overlapping insulinotropic and subsequent body weight-
lowering actions of both GLP-1 and GIP helped foster the notion that
combining the actions of these two peptide hormones might have the
potential to bolster their glucose-lowering and appetite-suppressing
effects beyond what is observed with individual agents. An early
indication that this combination could be superior to single GLP-1R
agonist administration was provided by Finan et al. who demon-
strated that two weeks of simultaneous administration of equimolar
amounts of a GLP-1R and GIPR agonist reduced food intake, body
weight, and fat mass in mice with diet-induced obesity (DIO) to a
greater extent than either agent alone [77]. Additional preclinical proof
of concept came from similar studies in rodent models of T2D and/or
obesity wherein the combined activation of both GLP-1R and GIPR
resulted in superior glucose-lowering and/or reduction in weight gain
compared to the activation of either receptor alone [78—80]. The
observed greater metabolic benefits with combined GLP-1R and GIPR
activation spurred interest in developing unimolecular drugs that would
unite the actions of GLP-1 and GIP (Figure 2) in a single molecule with
a distinct pharmacokinetic profile and greater potential for regulatory
approval.

6.1. Development of unimolecular GLP-1:GIP co-agonists

Finan et al. created a 40 amino acid single molecule peptide chimera
on a glucagon backbone that exhibited balanced in vitro activity at both
GLP-1 and GIP receptors, with minimal activity at the glucagon re-
ceptor and protracted action in vivo [77]. This unimolecular co-agonist
was predicted to bind either GLP-1R or GIPR but not to both receptors
simultaneously. Additional structural modifications included (i) sub-
stitution with aminoisobutyric acid at position 2 to increase resistance
to DPP-4-mediated cleavage and inactivation, (i) the addition of a C-
terminal extension with 9 amino acids from exendin-4 to enhance
structural stability, and (jii) acylation with a C16:0 fatty acid or
PEGylation with 40 kDA PEG to extend in vivo activity, thus enabling
daily or weekly administration, respectively [69]. The administration of
unacylated, acylated, and PEGylated versions of this co-agonist dose-
dependently reduced body weight, food intake, and fat mass and
improved glycemic control and insulin sensitivity in rodent models of
obesity and diabetes with greater efficacy than equimolar doses of
GLP-1R agonist comparators exendin-4 and liraglutide [77]. Moreover,
these superior effects could be achieved with less frequent dosing of
long-acting co-agonists [77]. The acylated co-agonist also lowered
blood glucose and increased insulin levels following graded glucose
infusion in cynomulgus monkeys that had received a single subcu-
taneous injection of the co-agonist. In this study, the co-agonist
exhibited greater metabolic potency relative to an equivalent dose of
liraglutide, thus prompting clinical proof-of-concept studies in humans
[77].

A single injection of 4, 8, or 16 mg of PEGylated GLP-1:GIP co-agonist
in healthy humans increased insulin secretion and lowered blood
glucose levels when administered 72 h prior to a graded glucose
infusion challenge [77]. Subsequently, the clinical efficacy and safety
of the PEGylated co-agonist was evaluated in a chronic ascending-
dose study wherein 53 patients with T2D received once-weekly in-
jections of 4, 12, 20, or 30 mg of the PEGylated co-agonist or placebo
for 6 weeks. Co-agonist treatment was associated with significant
dose-dependent reductions in HbA1c levels ranging from —0.53%
to —1.11% for those patients receiving the 4 mg—30 mg doses,
respectively, relative to a decrease of —0.16% in patients receiving
placebo. Co-agonist treatment was well-tolerated, with reports of only
mild to moderate side effects that included nausea and diarrhea [77].
The observation of limited Gl side effects in this study contrasts with
adverse events reported in studies of relatively high doses of long-
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acting GLP-1R agonists and was suggested to be indicative of a greater
therapeutic index for GLP-1 receptor agonism when combined with a
GIPR agonist. Although promising, the lack of a GLP-1R agonist
comparator in this study makes it difficult to draw conclusions
regarding the relative effectiveness of the co-agonist.

6.2. RG7697/NNC0090-2746

The acylated version of the GLP-1:GIP co-agonist originally developed
by Finan et al. (as previously described) is synonymous with RG7697
and NNC0090-2746 [81]. The pharmacokinetics, pharmacodynamics,
safety, and tolerability of RG7697/NNC0090-2746 were evaluated in
51 healthy volunteers in a double-blind, placebo-controlled ftrial
wherein a single subcutaneous injection of doses ranging from 0.03 to
5 mg was administered [82]. The 19—25 h half-life of the drug
confirmed its suitability for once-daily dosing. At doses >1.8 mg,
RG7697/NNC0090-2746 reduced both glucose and insulin levels
during a meal tolerance test. The drug was well-tolerated up to doses
of 3.6 mg, with reports of mild adverse gastrointestinal events
including nausea and vomiting. Increases in heart rate were observed
at doses >1.8 mg, with the highest doses tested (3.6 and 5 mg)
increasing the pulse rate by approximately 6—20 beats per minute
(bpm) vs placebo. No treatment-emergent anti-RG7697/NNCO090-
2746 antibodies were detectable in any of the participants [82]. Similar
findings were reported in studies examining the pharmacokinetics,
pharmacodynamics, and safety of RG7697/NNC0090-2746 in 56 pa-
tients with T2D who received once-daily subcutaneous injections of
0.25, 0.75, 1.1, 1.5, 2, or 2.5 mg of the co-agonist or placebo for 2
weeks in a randomized, double-blind, dose-escalation study [81].
Relative to placebo, doses >0.75 mg of RG7697/NNC0090-2746 were
associated with dose-dependent reductions in fasting and postprandial
glucose levels and increased insulin sensitivity, with no effect on
gastric emptying. At the highest dose of 2.5 mg, significant reductions
in HbA1c levels (—0.67% vs —0.21% for placebo) and body weight
(—3.0 kg vs —0.9 kg for placebo) were observed with co-agonist
treatment. The most frequent adverse events associated with co-
agonist treatment in T2D patients were reported as mild in intensity
and comprised nausea, diarrhea, and reduced appetite [81]. Dose-
dependent increases in the heart rate (6—12 bpm) and lipase and
amylase levels, which are typically observed with GLP-1R agonists,
were also observed in co-agonist-treated subjects. To expand on these
studies, the effects of RG7697/NNC0090-2746 on glycemic control,
body weight, and other metabolic measurements were evaluated in a
12-week double-blind and placebo-controlled phase 2a clinical trial of
108 subjects with T2D inadequately controlled with metformin [83].
Subjects were randomized to receive once-daily subcutaneous injec-
tion of 1.8 mg of RG7697/NNC0090-2746 or placebo. Once-daily
subcutaneous injections of liraglutide (1.8 mg starting with a 2-week
dose escalation) were administered in an open-label reference arm.
RG7697/NNC0090-2746 significantly reduced HbA1c levels and body
weight relative to baseline values and compared to placebo, with re-
ductions similar to those observed in patients treated with liraglutide in
the open-label arm [83]. Reductions in body weight were observed at
week 8 in co-agonist-treated patients but were no longer significant by
week 12. Notably, post hoc analysis revealed that the greatest re-
ductions in body weight with RG7697/NNC0090-2746 treatment were
seen in those patients who had better glycemic control
(HbA1c < 8.5%) at baseline. The authors suggested that this obser-
vation is in line with reports of greater sensitivity to GIP action upon
amelioration of hyperglycemia. Reductions in total cholesterol levels
were also evident in the RG7697/NNC0090-2746 treatment group. In
contrast, no changes in cholesterol levels were seen in the open-label

liraglutide group. Consistent with earlier clinical studies, the most
frequently reported adverse events associated with RG7697/
NNC0090-2746 use were nausea, vomiting, and diarrhea, and the
co-agonist was deemed to be generally safe and well-tolerated [83].
Heart rate was elevated with RG7697/NNC0090-2746 (5.6 bpm
relative to placebo), and 43% of individuals who received the co-
agonist developed anti-drug antibodies, although these antibodies
did not appear to alter drug efficacy.

6.3. Tirzepatide (LY3298176)

The leading molecule among unimolecular GLP-1:GIP co-agonists is
tirzepatide (LY3298176), a 39 amino acid peptide whose basic
structure stems from the GIP sequence but has been modified to
include (i) substitution of the second amino acid with aminoisobutyric
acid to avoid DPP-4 proteolysis and, (i) addition of a C20 fatty di-acid
acyl chain to enable non-covalent albumin binding and once-weekly
subcutaneous dosing [84]. In vitro characterization using cell lines
that recombinantly express either human GIP or GLP-1 receptors
revealed that tirzepatide exhibits comparable binding affinity and po-
tency at the human GIPR relative to that of the native GIP peptide.
However, tirzepatide binds with 5-fold less affinity and is 13-fold less
potent at the human GLP-1R than native GLP-1 [84], thus exhibiting
bias for the GIPR. Preclinical studies demonstrated that tirzepatide
reduced glucose levels during intraperitoneal glucose tolerance tests in
wild-type and single incretin receptor-deficient mice to levels com-
parable to those observed for the GLP-1R agonist semaglutide in Gipr‘/
~ mice and the DPP-4-resistant analog [d-AIaZ]GIP in G/p1r*/* mice,
indicating that the co-agonist is active at both receptors in vivo [84]. In
mice with DIO, chronic treatment (every 3 days for 22 days) with
10 nmol/kg tirzepatide resulted in weight loss that was greater than
that observed with similar treatment with 30 nmol/kg semaglutide.
Interestingly, it was noted that, relative to semaglutide, tirzepatide
treatment led to greater and more sustained reductions in food intake
during the first 7—10 days of dosing associated with greater fat
oxidation and increased energy expenditure after 7 days of drug
treatment [84].

Early clinical evaluation of tirzepatide included a series of randomized,
double-blind, placebo-controlled phase 1 trials designed to evaluate
the safety, tolerability, pharmacokinetics, and pharmacodynamics of
tirzepatide in humans [84]. The first of these was a single-ascending
dose pharmacokinetic study of subcutaneous injections of tirzepatide
at doses ranging between 0.25 and 8 mg vs placebo in 6 cohorts of
healthy humans at a prespecified ratio of 3 tirzepatide-treated in-
dividuals to 1 placebo-treated individual. This study demonstrated that
the mean half-life of tirzepatide in healthy humans was approximately
5 days, thus validating once-weekly administration of the co-agonist
[84]. The second trial was a 4-week multiple ascending-dose study
in healthy subjects wherein tirzepatide doses between 0.5 and 10 mg,
1.5 mg dulaglutide (GLP-1R agonist comparator control), or placebo
were administered once a week at prespecified ratios of 6 tirzepatide: 1
dulaglutide:1 placebo. Individuals receiving 10 mg tirzepatide did so
via weekly up-titration with 5, 5, 8, and 10 mg. In healthy humans,
dosing with 4.5 mg of tirzepatide resulted in significant reductions in
fasting glucose vs placebo and improvements in glucose tolerance that
were comparable to those of 1.5 mg dulaglutide. Relative to the
baseline level, body weight was also reduced in individuals receiving
tirzepatide at the 4.5 mg (—4.52 kg) or 10 mg doses (—4.05 kg)
compared to 1.5 mg dulaglutide (—1.3 kg). The third trial was a 4-
week multiple-dose phase 1b proof-of-concept study in subjects
with T2D that tested fixed doses of 0.5 or 5 mg as well 10 and 15 mg
doses that were delivered by 5/5/10/10 mg and 5/5/10/15 mg up-
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titration dosing schemes, respectively. Individuals were administered
tirzepatide or placebo at a prespecified ratio of 4 tirzepatide:1 placebo.
This study did not include a GLP-1R agonist comparator as a control
group. Clear reductions in HbA1c, fasting glucose, and insulin levels
were observed in the two groups receiving up-titrated tirzepatide
dosing compared to placebo. Glucose tolerance was also improved
with the three highest doses of tirzepatide, and plasma insulin levels
during an oral glucose tolerance test were increased in subjects
treated with 15 mg tirzepatide vs placebo. Dose- and time-dependent
reductions in body weight were seen at all doses of tirzepatide relative
to placebo, but statistical significance was only achieved at the two
highest doses (—2.39 kg for 10 mg and —2.95 kg for 15 mg
vs —0.32 kg for placebo). Moreover, reductions in body weight in
subjects with T2D were less robust compared to the amount of weight
loss observed with tirzepatide in healthy individuals in the second
study [84].

Across all three studies, the most frequently reported adverse events
were gastrointestinal in nature and included nausea, vomiting, diar-
rhea, reduced appetite, and abdominal distension, which were dose-
dependent and considered to be mild to moderate in severity [84]. In
general, individuals with T2D reported fewer Gl adverse events and
were able to tolerate higher doses of tirzepatide than healthy in-
dividuals. Increases in the pulse rate were detected at the two highest
tirzepatide doses in the T2D trial (+8.82 bpm for 10 mg and +9.8 bpm
for 15 mg vs —3.81 bpm for placebo), comparable to the increase in
the pulse rate (+11.2 bpm) seen with dulaglutide in healthy subjects.
The efficacy and safety of tirzepatide were next evaluated in a 26-
week, double-blind, placebo-controlled trial in subjects with T2D
inadequately controlled with diet and exercise alone or treated with
stable metformin therapy [85]. In this phase 2b study, individuals were
randomized to receive once-weekly subcutaneous injection of 1, 5, 10,
or 15 mg of tirzepatide, 1.5 mg of the GLP-1R agonist dulaglutide
(active comparator), or placebo for 26 weeks. To improve gastroin-
testinal tolerability, the patients assigned to the 10 or 15 mg doses of
tirzepatide were up-titrated to final doses, with those in the 10 mg
group receiving a 5 mg dose for the first two weeks and then a 10 mg
dose for the remainder of the study, whereas the subjects in the 15 mg
group were given a 5 mg dose for the first two weeks, a 10 mg dose
for the next four weeks, and a 15 mg dose for the remaining study
duration. Tirzepatide treatment was associated with dose-dependent
reductions in HbA1c (—1.06% at 1 mg to —1.94% at 15 mg
vs —0.06% for placebo) from baseline that were greater at all doses
relative to placebo and non-inferior to dulaglutide. At 26 weeks, 33—
90% of the subjects treated with tirzepatide achieved an HbA1c target
of <7% (vs 12% with placebo and 52% with dulaglutide) and 15—
82% of the subjects reached an HbA1c target of <6.5% (vs 2% with
placebo and 39% with dulaglutide), with a greater proportion of the
patients in the 5, 10, or 15 mg tirzepatide dose groups achieving these
HbA1c targets compared to those treated with dulaglutide. Approxi-
mately 18% of the patients receiving the 10 mg dose and 30% of the
subjects receiving the 15 mg dose of tirzepatide achieved normogly-
cemia (HbA1c < 5.7%) compared with 2% of the patients treated with
dulaglutide. Dose-dependent reductions in fasting plasma glucose
levels from baseline to week 26, relative to placebo, were observed for
all tirzepatide doses, with reductions at the 5, 10, and 15 mg doses
being significantly greater than what was achieved with dulaglutide
(—0.4 mmol/L at 1 mg to —3.4 mmol/L at 15 mg for tirzepatide vs
0.9 mmol/L for placebo and —1.2 mmol/L for dulaglutide). Significant
improvements in HOMA2-B (beta cell function) and HOMA2-IR (insulin
sensitivity) and greater reductions in plasma levels of fasting insulin
and glucagon (adjusted by fasting glucose) were seen with the higher
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5—15 mg doses of tirzepatide relative to dulaglutide [85]. All of the
tirzepatide doses reduced body weight compared to placebo in a dose-
dependent manner. Reductions in mean body weight from baseline to
week 26 ranged from —0.9 kg at 1 mg of tirzepatide to —11.3 kg at
15 mg of tirzepatide (vs —0.4 kg for placebo and —2.7 kg for dula-
glutide) and were greater at the 5, 10, and 15 mg doses than dula-
glutide. Additionally, more individuals in the 5, 10, and 15 mg
tirzepatide dose groups achieved body weight targets (>5%, >10%,
and >15% weight loss from baseline) than those in the dulaglutide
group. By week 26, tirzepatide treatment at 5, 10, and 15 mg doses
was also associated with greater reductions in waste circumference
than both placebo and dulaglutide. This study’s authors suggest that
these reductions in waist circumference could be indicative of
decreased visceral fat that could explain, at least in part, the im-
provements in insulin sensitivity observed in patients receiving tirze-
patide in this study. Reductions in total cholesterol (relative to placebo
only) and triglyceride (relative to placebo and dulaglutide) levels were
also evident by week 26 in the subjects treated with the higher doses
of tirzepatide. Interestingly, in a recent post hoc study, further analysis
of plasma samples from this trial revealed that tirzepatide dose-
dependently lowered triglyceride, apoC-Ill, and apoB levels over time
and reduced the number of large triglyceride-rich lipoprotein particles
and small low-density lipoprotein particles compared to dulaglutide
and/or placebo [86]. Only a small portion of these changes could be
attributed to tirzepatide-induced weight loss. These findings indicate a
net improvement in insulin sensitivity and a shift toward a less
atherogenic lipoprotein profile in subjects with T2D treated with tir-
zepatide, with potential implications for cardiovascular safety [86]. A
related post hoc analysis from the same trial [85] analyzed levels of
liver enzymes, keratin-18, procollagen I, and adiponectin in
tirzepatide-treated subjects after 26 weeks [87]. Liver enzymes and
NASH biomarkers were reduced and adiponectin levels were increased
after 26 weeks in the subjects treated with 15 mg of tirzepatide once
weekly [87].

The available information suggests that adverse events experienced
with tirzepatide were similar to those reported for dulaglutide. The one
noteworthy exception was the higher percentage of patients in the
15 mg tirzepatide group who discontinued study treatment prema-
turely due to adverse events. The most common treatment-emergent
adverse events were gastrointestinal symptoms that included nausea,
vomiting, and diarrhea. These were reported to be dose-dependent,
mild to moderate in severity, and transient. Reduced appetite was
the second most common treatment-associated adverse event. A
range of dose-escalation regimens has been explored to optimize the
tolerability of tirzepatide in human subjects with T2D [88]. Starting
doses were 2.5, 4, or 5 mg once weekly for 4 weeks, followed by
progressive dose escalation to 12 or 15 mg by week 8. Rates of nausea
were generally lower than 40%, with a very low rate of drug discon-
tinuation, findings consistent with currently utilized GLP-1R agonists
such as dulaglutide and semaglutide [88]. The cardiovascular safety of
once-weekly tirzepatide is currently being compared to that of dula-
glutide in the SURPASS cardiovascular outcome trial. This study has a
primary endpoint of 3-point major adverse cardiovascular events
(MACE; myocardial infarction, stroke, and cardiovascular death), is
expected to randomize 12,500 subjects with T2D, and concludes in the
third quarter of 2024.

6.4. Potential mechanisms for effectiveness of GLP-1:GIP co-
agonism

As resistance to GIP action in T2D can be overcome by restoring
glucose levels to near normal, it has been postulated that the glucose-
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lowering effects of simultaneous GLP-1R agonism could rapidly restore
GIP sensitivity, thus enabling superior glucose-lowering action when
combined. Moreover, GLP-1 and GIP appear to activate distinct subsets
of hypothalamic neurons coupled to reduction of food intake [65],
providing a greater degree of weight loss than that achieved with
activation of a single CNS receptor alone. Support for this possibility
comes from the observed greater reductions in body weight seen in
T2D subjects with lower baseline HbA1c in clinical studies with
RG7697/NNC0090-2746 [83]. It remains uncertain whether starting
co-agonist therapy at less advanced stages of diabetes or treating
patients with co-agonists for longer periods to allow GIP to manifest its
full potential will be useful clinical approaches.

6.5. Outstanding questions for dual GLP-1:GIP therapy

The magnitude of weight loss and reduction in HbA1c observed with
tirzepatide raises a number of mechanistic questions (Figure 3). Is it
actually the combination of GLP-1R agonism with GIPR agonism that is
important? Does the unique ratio of peptides and unimolecular nature
of the co-agonist impart a greater benefit through as-yet-unknown
mechanisms? Do these unimolecular drugs target GLP-1 and GIP re-
ceptors on the same cell, different cells in different tissues, or both? As
the P cell actions of GIPR agonism appear susceptible to tachyphylaxis
reflecting receptor desensitization, will this be overcome in a unim-
olecular GLP-1:GIP co-agonist? Moreover, will co-agonists retain their
efficacy and benefits with sustained use? As GLP-1R agonists have
been approved for T2D and obesity [1], appear potentially efficacious in
NASH [89], and exhibit cardioprotection in humans with T2D at risk of
or with established cardiovascular disease [90], will a GLP-1:GIP co-
agonist fully recapitulate all of the benefits ascribed to GLP-1R ago-
nism (Figure 2)? Conversely, short-term studies have demonstrated
that GIP may inhibit bone resorption; will this potentially translate into a
clinically meaningful added benefit of GLP-1:GIP co-agonism in older
subjects at risk of osteoporosis?

An additional layer of complexity underlying the rational development
of GLP-1:GIP co-agonists stems from multiple studies demonstrating
that GIPR antagonism may also be metabolically beneficial [91].
Notably, GIPR agonists and antagonists exhibit similar efficacy in
preventing weight gain or promoting weight loss when combined with
a GLP-1R agonist, providing support for developing GIPR
antagonist:GLP-1R agonist combinations [91]. Agonist-induced GIPR
desensitization has been proposed as a potential unifying mechanism
to explain this paradoxical observation [91,92], raising the fascinating
possibility that we may witness the development of competing ther-
apeutic strategies based on either GIPR agonism or antagonism,
together with GLP-1R agonism, to treat T2D or obesity.

7. INSULIN

Insulin is a logical partner for GLP-1, with entirely complementary
mechanisms of action contributing to additive glucose reduction in
subjects with T2D. Two insulin:GLP-1 co-formulated combinations
have been approved to treat T2D: lixisenatide-insulin glargine and
liraglutide-insulin degludec. Both formulations produce robust glucose
control often without weight gain and with less hypoglycemia than
observed with insulin alone. Indeed, these combinations provide a
preferable alternative than simply increasing the insulin dose in sub-
jects already exhibiting suboptimal glycemic responses to insulin
[93,94] or those exhibiting insufficient responses to GLP-1R agonist
therapy [95,96]. Remarkably however, the clinical adoption of insulin-
GLP-1 therapies has been slow, much lower than that observed for
newer GLP-1R agonists. The clinical development of a once weekly
basal insulin icodec raises the possibility of developing a more
convenient yet highly effective once weekly insulin-GLP-1 formulation.

8. LEPTIN

While clinical trials of leptin monotherapy did not produce sufficiently
meaningful weight loss to merit regulatory approval for obesity,
considerable interest remains in using leptin alone or in combination
with other agents as a weight loss therapy. Moreover, progress con-
tinues in studies designed to overcome leptin resistance, as exem-
plified by the concomitant administration of the pentacyclic triterpene
celastrol, which enhances leptin sensitivity through mechanisms
requiring interleukin 1 receptor 1 [97]. Preclinical studies with amylin,
GLP-1R agonists, or FGF21 demonstrate that these peptides, either as
single agents or glucagon-GLP-1 co-agonists, can partially re-sensitize
leptin weight loss responses (to a greater extent than that achieved
with caloric restriction) in animals with diet-induced obesity or
experimental diabetes [14,98—100]. Indeed, in clinical studies, the
combination of leptin and pramlintide produced greater weight loss
than that achieved with each agent alone [14,17]. Analysis of human
responses to leptin administration suggests that individuals with lower
leptin levels may exhibit greater leptin sensitivity and enhanced weight
loss with leptin administration [101]. Indeed, preclinical studies
reducing leptin levels or partially blocking leptin action demonstrate
enhanced and/or restored leptin sensitivity in the context of obesity and
pre-existing hyperleptinemia [102]. Moreover, as previously noted,
complementary efforts are focused on identifying downstream com-
ponents of leptin receptor signaling amenable to modulation by small
molecule enhancers of leptin sensitization [97], collectively suggesting
multiple future avenues for enhancing leptin action in obesity therapy.

GIP agonism acts through the GIP receptor
GIP enhances the receptor activity of GLP-1
GLP-1 sensitizes the GIPR
GIP desensitizes the GIPR
GLP-1 actions dominate, GIP contributes little

GIPR

GLP1R

Figure 3: Possible mechanisms of the interaction of GIP and GLP-1 for treatment of metabolic disorders.
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9. PEPTIDE YY (PYY)

PYY is a 36 amino acid peptide that is cleaved by DPP-4 to generate
PYY(3—36), a peptide that inhibits food intake by activating the Y2
receptor (Y2R). PYY levels are elevated after bariatric surgery and have
been proposed to contribute to reduced food intake and weight loss
observed after metabolic surgery. Preclinical studies of metabolic
surgery in mice with inactivation of PYY or its receptor yield conflicting
results, with some supporting an important role for PYY in weight loss
[103], yet others demonstrating that signaling through Y2R s
dispensable for bariatric surgery-induced weight loss [104]. PYY
administration has been explored alone, or in combination, for treating
obesity. Cyclization of PYY(3—36) followed by antibody conjugation or
PEGylation generated a long-acting PYY analog that produced a sus-
tained anorectic response, weight loss, and attenuated emesis when
administered for 21 days to obese rhesus macaques [105]. Adding
liraglutide for the last 5 days of the treatment regimen produced
additional reductions in food intake and weight loss. Potent long-acting
acylated and PEGylated degradation-resistant PYY analogs produce
impressive sustained reduction of food intake and weight loss when
administered alone and in combination with concomitantly adminis-
tered GLP-1R agonists over several weeks in high-fat diet-fed mice
[106]; however, similarly potent unimolecular PYY-GLP-1 co-agonists
have not yet been developed for clinical investigation.

Short-term (150 min) infusions of PYY alone reduce food ingestion in
overweight human subjects, and further reductions are observed when
PYY is co-infused with GLP-1 or oxyntomodulin [107,108]. A combined
subcutaneous infusion (over 12 h each day) of native GLP-1, oxy-
ntomodulin, and PYY for 28 days to overweight human subjects with
prediabetes or diabetes produced a weight loss of 4 kg, together with a
reduction in the mean amplitude of glycemic excursion [109]. Intra-
nasal administration of 200 or 600 pg PYY(3—36) three times daily
before each meal for 12 weeks in human subjects with obesity failed to
exhibit either a dose-dependent or meaningful reduction in body
weight [110]. Hence, the available human evidence is insufficient to
support the use of PYY alone or in combination with other peptides as
an important pharmacological regulator of weight loss in humans.

10. GLP-1-DIRECTED PHARMACOLOGY FOR GLUCOCORTICOID,
ESTROGEN, OR THYROID HORMONES

Peptide hormones such as GLP-1 and glucagon have also been used to
selectively target G protein-coupled receptors and deliver steroid
hormones as cargo to specific cell types in preclinical studies.
Conjugation of GLP-1 and the glucocorticoid hormone dexamethasone
produced striking weight loss through a combination of reduced food
intake and increased energy expenditure in obese mice, while reducing
inflammation in the brain and peripheral organs, findings associated
with improvement in insulin sensitivity [111]. Notably, the GLP-1-
dexamethasone conjugate improved glucose metabolism via the 3
cell GLP-1R without suppressing the hypothalamic pituitary axis or
impairing bone turnover and density [111]. A GLP-1R-estrogen con-
jugate designed to deliver estrogen to GLP-1R + cells produced robust
weight loss in mice without evidence of systemic estrogen action as
assessed through analysis of uterine weight and the growth of
estrogen-dependent breast cancer xenografts [112]. Genetic analyses
in mice suggested that these actions were mediated through central
nervous system GLP-1Rs and associated with the induction of POMC
and leptin receptor expression in the arcuate nucleus [112]. B cell-
selective delivery of estrogen achieved via a GLP-1-estrogen conju-
gate improved the viability of mouse and human B cells [113] without
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evidence of systemic actions of estrogen in vivo. Metabolic benefits
encompassing weight loss, resolution of hepatic fat and inflammation,
correction of experimental dyslipidemia, and attenuation of athero-
sclerosis in Western diet-fed and Ldlr”/~ mice have also been
observed following the administration of a glucagon-3,3',5-
triiodothyronine (T3) conjugate [114]. These actions were associated
with increased energy expenditure, required the GCGR and hepatic
expression of the thyroid hormone receptor beta gene, were evident in
mouse models of NASH, and were not associated with evidence of
systemic hyperthyroidism [114]. Whether one or more of these steroid-
peptide hormone conjugates will enter clinical development remains
uncertain.

11. PITFALLS AND DATA LIMITATIONS

The available evidence provides strong support, based on preclinical
studies, for developing GLP-1-based co-agonists, yet the clinical
progress for producing these compounds remains limited. The leading
co-agonist, tirzepatide, is being examined in phase 3 clinical trials for
diabetes and obesity, rekindling interest in how GIPR signaling interacts
favorably with GLP-1R agonism. A number of issues merit consider-
ation in understanding the preclinical-clinical gaps. First, it is likely that
some compounds are administered in preclinical studies at doses that
may be much higher on a relative basis than those tolerated in human
studies. Most GLP-1-based peptide therapies produce nausea and
vomiting in humans, adverse events that may not be evident in pre-
clinical experiments. The impressive weight loss observed with several
peptides in mice often reflects contributions from sympathetic nervous
system engagement, BAT activation, and induction of energy expen-
diture, metabolic events that have rarely been recapitulated in sus-
tained human studies. For example, GLP-1 increases sympathetic
nervous system activity [115] and energy expenditure in animal ex-
periments [116,117], but not in humans with T2D or obesity [118—
122]. Similar findings relate to glucagon-containing agonists that
robustly activate BAT and energy expenditure in mice [46,48,50], yet
these mechanisms have not made appreciable contributions to weight
loss in human studies. Consistent with the lack of effect of gut peptides
on the metabolic rate in humans, energy expenditure was not different
in human subjects experiencing weight loss after Roux-en-Y gastric
bypass (RYGB) [123], a condition known to be associated with elevated
circulating levels of multiple gut peptides.

Although GLP-1R agonists increase heart rate, long-acting GLP-1R
agonists have been shown to be cardioprotective in those with T2D.
Little is known about the cardiovascular actions of most candidate
peptides being investigated as partners for GLP-1. Preclinical studies
in mice demonstrate little impact of GIPR agonism on outcomes in mice
with experimental myocardial infarction, whereas genetic disruption of
the Giprin all tissues, or selectively in cardiomyocytes, was associated
with reduced infarct size and improved survival [124]. Observational
studies in 8,044 subjects linked higher fasting levels of GIP with an
increased risk of cardiovascular disease and all-cause mortality [125].
Similarly, GIP levels were higher in subjects with peripheral artery
disease; however, adenoviral GIP expression exerted anti-inflammatory
actions and reduced atherosclerosis in Western diet-fed ApoE " mice
[126]. The available data are insufficient to predict the outcomes of
modifying GIPR signaling in human subjects with diabetes or obesity
exposed chronically to GIPR-based co-agonists.

Little information informs the potential actions of amylin in the human
cardiovascular system. Cardiovascular outcome studies were not
required for the approval of pramlintide, and the available preclinical
data are insufficient to predict whether amylin agonism will impact
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Review

cardiovascular pathophysiology in susceptible individuals. Glucagon is
known to exhibit acute chronotropic and inotropic actions in animals and
humans [127]; however, these actions do not appear to be sustained in
human subjects. Although acute GCG administration is deleterious in a
mouse model of myocardial infarction, findings dependent on the car-
diomyocyte GCGR [128], adult human ventricles do not exhibit mean-
ingful expression of GCGR mRNA transcripts [129]. Hence, additional
analysis of the cardiovascular safety of putative clinically approved GCG-
containing co-agonists is warranted. The available information suggests
that the benefits of weight loss, blood pressure reduction, and improved
glycemic control with new GLP-1-based co-agonists are unlikely to pose
additional risks for cardiovascular safety in humans.

12. SUMMARY

The preceding overview represents a partial summary of combinatorial
mechanisms with efficacy in preclinical studies. Numerous additional
GLP-1 co-administration strategies have demonstrated benefits in
animals, including neurotensin-GLP-1 combinations for obesity and
NASH [130], melanocortin-4 and GLP-1R co-administration for obesity
and diabetes [131], and unimolecular combinations of a proprotein
convertase subtilisin/kexin type 9 inhibitor and a GLP-1R agonist for
subjects at high risk of diabetes, obesity, and cardiovascular disease
[132]. While unimolecular co-agonists present unique advantages in
regard to manufacturing, simplicity of dosing, and clinical develop-
ment, it can be difficult to predict the optimal ratio of each peptide
agonist to maximize the benefits of the combination in humans, and
interpreting unanticipated adverse events ensuing from the adminis-
tration of a novel multi-agonist can be difficult.

While preclinical studies of many co-agonists often generate exciting
findings with robust weight loss coupled with excellent glycemic
control, clinical progress has been slow and more difficult [133].
Notably, while recent progress with co-agonists such as tirzepatide
has been impressive, higher doses of semaglutide achieved greater
than 15% weight loss in investigational studies of human subjects with
obesity, raising the bar for co-agonist efficacy. Nevertheless, the
substantial proven benefits of GLP-1 action coupled with emerging
preclinical and clinical data strongly suggest that multiple highly effi-
cacious GLP-1-based co-agonists are likely to be approved for the
treatment of metabolic diseases such as diabetes, obesity and NASH.
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