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Cotadutideis a dual glucagon-like peptide 1 and glucagon receptor agonist
under development for the treatment of non-alcoholic steatohepatitis and
type 2 diabetes mellitus (T2DM) and chronic kidney disease. Non-alcoholic
steatohepatitis is acomplex disease with no approved pharmacotherapies,

arising from an underlying state of systemic metabolic dysfunctionin
association with T2DM and obesity. Cotadutide has been shown to improve
glycaemic control, body weight, lipids, liver fat, inflammation and fibrosis.
We conducted a two-part, randomized phase 2a trial in men and women with
overweight or obesity diagnosed with T2DM to evaluate the efficacy and
safety of cotadutide compared with placebo and liraglutide. The primary
endpoints were change from baseline to day 28 of treatment in postprandial
hepatic glycogen (part A) and to day 35 of treatment in fasting hepatic
glycogen (part B) with cotadutide versus placebo. Secondary endpoints

in part Bwere changes in fasting hepatic glycogen with cotadutide versus
the mono glucagon-like peptide 1 receptor agonist, liraglutide, and change
inhepaticfat fraction. The trial met its primary endpoint. We showed that
cotadutide promotes greater reductions in liver glycogen and fat compared
with placebo and liraglutide. Safety and tolerability findings with cotadutide
were comparable to those of previous reports. Thus, this work provides
evidence of additional benefits of cotadutide that could be attributed to
glucagonreceptor engagement. Our results suggest that cotadutide acts
ontheglucagonreceptorinthe humanliver to promote glycogenolysis and
improve the metabolic health of the liver. ClinicalTrials.gov registration:

NCT03555994.

Preclinical studies have shown that cotadutide (MEDI0382) potently
activates glucagon-like peptide 1 (GLP-1) and glucagon receptorsin
aratio of approximately 5:1, respectively, with the activity of GLP-1
effectively counterbalancing glucagon-driven hepatic glucose produc-
tion'™*. As well as eliciting glycaemic control and weight loss in preclini-
cal models, cotadutide reduced hepatic glycogen, fat, inflammation,
steatosis and fibrosis, and improved hepatic mitochondrial function

in non-alcoholic steatohepatitis rodent models'’. These effects dif-
ferentiated cotadutide from amono GLP-1receptor agonist, revealing
the incremental benefit of the combination of GLP-1and glucagon
receptor agonismin the liver’.In early phase 2 clinical trials, treatment
with cotadutide versus amono GLP-1receptor agonist (liraglutide) in
patients with type 2 diabetes mellitus (T2DM) and obesity led to clini-
callyrelevantreductionsinblood glucose, body weight andliver fat, and
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Table 1| Primary and exploratory analyses of glycogen levels at the fasting state and postprandial time points (part B)

Time after MMTT

LS mean change from baseline to
day 35 (cotadutide versus placebo)

Cotadutide (n=9)

Placebo (n=11)

Difference, cotadutide

versus placebo

LS mean change from baseline to
day 35 (cotadutide versus liraglutide)

Cotadutide (n=9)

Liraglutide (n=10)

Difference, cotadutide

versus liraglutide

Primary outcome

Oh (fasting)

Glycogen concentration,

-94.87 (-154.35to

34.81(-18.41to

-129.68 (-213.72to

-102.86 (-169.07 to

51.48 (-11.17 to

-154.34 (-247.66 to

mmoll” -35.39) 88.02) -45.63) -36.65) 114.13) -61.02)
P=0.016 P=0.01
Percentage -24.84 (-39.52 to 13.11(-0.03 to -37.95 (-58.70 to -25.69 (-42.76 to 15.78 (-0.37 to -41.47 (-65.52 to
-10.15) 26.25) -17.20) -8.63) 31.92) -17.42)
P=0.005 P=0.008
Exploratory outcomes
5h

Glycogen concentration,

-95.15 (-133.77 to

1212(-22.24 to

-107.27 (-162.95 to

-114.80 (-149.78 to

-44.38 (-77.56 to

-70.42 (-118.69 to

mmoll” -56.54) 46.49) -51.59) -79.82) -11.20) -2215)

Percentage -23.10(-39.13 to 11.36 (-2.91to -34.45 (-57.57 to -31.50 (-40.69 to -7.57 (-16.29 to -23.93 (-36.60 to
-7.07) 25.62) -11.34) -22.32) 114) -11.26)

14h

Glycogen concentration, -73.47 (-115.49 to 9.2(-28.54 to -82.68 (-141.06 to -94.57 (-146.91to -89.19 (-138.74 to -5.38 (-78.91t0 68.16)

mmoll” -31.46) 46.95) -24.29) -42.22) -39.64)

Percentage -20.42 (-32.61to 5.36 (-5.59 to -25.78 (-42.72to -23.47 (-3513 to -18.40 (-29.44 to -5.07 (-21.45t0 11.31)
-8.23) 16.31) -8.84) -11.81) -7.37)

24h

Glycogen concentration, -83.18 (-111.76 to -813(-33.92 -75.05 (-114.00 to -85.92 (-114.11to -22.47 (-49.22 to -63.44 (-102.30 to

mmoll™ -54.60) t017.67) -36.11) -5773) 4.27) -24.59)

Percentage -27.02 (-38.04 to -115 (-11.09 to -25.87 (-40.88 to -27.31(-36.42 to -5.33(-13.97to -21.99 (-34.55 to
-16.01) 8.79) -10.86) -18.20) 3.32) -9.43)

AUC,,;,

Percentage -26.08 (-35.46 to 6.72 (-1.67to -32.80 (-46.03 to -27.05(-35.22 to -1218 (-19.92 to -14.88 (-26.14 to -3.61)
-16.71) 15.10) -19.57) -18.89) -4.44)

Change from baseline to day 35 of treatment and percentage change from baseline in ®C MRS-assessed glycogen concentration in the liver at specified time points before and after an MMTT

(adjusted for liver volume). All data are the LS mean (90% CI). Two-sided P values from an analysis of covariance with effect for the treatment group and baseline as a covariate.

improvementsin liver healthmarkers, including serum transaminases
and N-terminal type Il collagen pro-peptide compared with GLP-1
receptor agonism alone**®, While greater reductions in surrogate
biomarkers are suggestive of glucagon receptor agonism, they do not
confirm engagement of the glucagon receptor, especially where equal
or opposite modes of action coexist. These insights help characterize
the mechanism of action and guide the assessment of benefit-risk
profiles during clinical development. In this phase 2a study, we evalu-
ated the effect of cotadutide compared with placebo and liraglutide on
hepatic glycogen dynamics using a >*C magnetic resonance spectros-
copy (MRS)-based approach to estimate liver glycogen, which, to our
knowledge, has not previously been used to measure treatment effects
inaninterventional trial. The aim was to confirm glucagon receptor
engagementintheliverand furtherinvestigate the beneficial effects on
metabolic and hepatic parameters of cotadutide compared with mono
GLP-1receptor agonism. Cotadutide promoted greater reductionsin
liver glycogen and fat compared with both placebo and liraglutide.
Thus, thiswork provides evidence of additional benefits of cotadutide
that could be attributed to glucagon receptor engagement.

InpartA, cotadutide (n =12; see Supplementary Fig. 1 for patient
disposition and Supplementary Table 1 for the baseline character-
istics) significantly reduced postprandial hepatic glycogen levels
compared with placebo (n=9): least squares (LS) mean change from
baselinein the cotadutide group was -100.2 mmol I (90% confidence
interval (CI) = -150.2 to -50.4) versus +5.55 mmol I (90% Cl = -47.2 to
58.3; P=0.023) in the placebo group (Extended Data Fig. 1; relative
change from baseline = -23.6% versus +2.9%). In part B, cotadutide

(n=9; see Extended Data Fig. 2 for patient disposition and Extended
Data Table 1for the baseline characteristics) robustly reduced fasting
hepatic glycogen by 38% and 41% versus placebo (n =11) and liraglu-
tide (n=10), respectively (Table 1). A significant and physiologically
meaningful reduction in LS mean fasting glycogen levels from base-
line to day 35 was observed with cotadutide compared with placebo
(-129.68 mmol I (90% Cl = -213.72 to —45.63); P= 0.016) and liraglutide
(-154.3 mmol I (90% Cl = —247.7 t0 —61.0); P= 0.011; Table 1 and Fig. 1a).
Liraglutideincreased fasting glycogen levels after 35 days of treatment
(LS mean change from baseline, +51.48 mmol I"! (90% Cl =-11.17 to
114.13)). Cotadutide also significantly reduced postprandial LS mean
hepatic glycogen levels compared with placebo (-75.05 mmol I (90%
Cl=-114.0 to -36.1); P= 0.004) and liraglutide (-63.44 mmol I (90%
Cl=-102.3t0-24.6); P=0.012) (Table1and Fig. 1b).

We used magnetic resonanceimaging-proton density fat fraction
(MRI-PDFF) to evaluate liver fat. Treatment with cotadutide for 35 days
resultedinasignificant absolute reductionin hepatic fat fraction (HFF)
compared with both placebo (LS mean absolute change from base-
line, —4.1% (90% Cl = -6.0to-2.3); P= 0.002) and liraglutide (LS mean
absolute change frombaseline, -1.8% (90% Cl = -3.1t0 -0.4); P= 0.044;
Fig. 2a). These changes corresponded to a 35.1% and 11.7% relative
reduction in HFF versus placebo and liraglutide, respectively. The
effect versus placebo was similar to that observedin part A (Extended
Data Fig. 3a). A post hoc analysis of fatty acids in the liver revealed a
nominally lower percentage of polyunsaturated fatty acids and higher
percentage of monounsaturated fatty acids in patients treated with
cotadutide compared with placebo and liraglutide (Fig. 2b-d).
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Fig.1|Fasting and postprandial liver glycogen levels (part B). a, Mean change
from baseline to day 35 of treatment in fasting hepatic glycogen levels in the
intent-to-treat population. b, Postprandial hepatic glycogen levels across 24 h at
baseline and at day 35 of treatment in the intention-to-treat population. Glycogen
levels evaluated using >*C MRS were adjusted for liver volume. Patients that could
be evaluated: placebo, n =11; liraglutide, n =10; cotadutide, n = 9. Datain aare the
mean +s.d., with overlayed individual data points. Datain b are the mean + s.e.m.
Ina, two-sided P values from the analysis of covariance (ANCOVA) model
adjusting for baseline value and treatment group are shown, with no corrections
for multiple comparisons.

To explore whether the differential effect of cotadutide versus
liraglutide on hepatic glycogen and fat fraction was associated with
other health benefits, we analysed body weight and blood glucose
duringamixed-meal tolerance test (MMTT). In partB, the meanreduc-
tion in body weight from baseline to day 35 was similar for cotadu-
tide versus liraglutide (cotadutide, —2.50 kg (90% Cl = -3.34 t0 -1.66);
liraglutide, -2.80 kg (-3.91to -1.69); P= 0.749; Fig. 2e). The effect of
cotadutide onbody weight was similar to that observed in part A after
29 days of treatment (—4.03 kg (90% Cl = -5.02 to -3.04); Extended Data
Fig. 3b). Fasting glucose reductions with cotadutide and liraglutide

treatment were similar (Fig. 2f), withan LS mean change from baseline
today 350f-2.23 mmol I (90% Cl = -2.58 to -1.88) and —2.05 mmol I
(90% Cl=-2.40to -1.71), respectively; P=0.539. However, cotadu-
tide significantly reduced relative postprandial blood glucose area
under the curve (AUC)g_y0min @ further12.5% compared with liraglutide
(P=0.013;Fig.2g). Cotadutide promoted significant reductions in fast-
ing and postprandial glucose versus placeboin parts A (Extended Data
Fig.3c) and B (Fig. 2f,g).

To evaluate whether cotadutide and liraglutide had differential
effects on other indices of liver health, we performed post hoc analy-
ses on other metabolic and functional parameters associated with
liver health. Treatment with cotadutide led to numerical reductions
in lipids, free fatty acids (FFAs) and liver biomarkers compared with
placebo and liraglutide (Extended Data Table 2 and Supplementary
Table2).Cotadutidealsoled tonominal reductionsinlysine and alanine
compared with placebo and liraglutide.

We evaluated the relative contribution of gluconeogenesis and
glycogenolysis to the glucose pool afteringestion of deuterated water.
Overall, there were no significant differencesin the percentage contri-
bution of gluconeogenesis or glycogenolysis to the glucose pool after
treatment with cotadutide, although less postprandial suppression of
gluconeogenesis was evident with cotadutide compared with liraglu-
tide and placebo (Extended Data Fig. 4).

Safety and tolerability findings with cotadutide were compara-
ble to those of previous reports (Table 2, Extended Data Table 3 and
Supplementary Tables 3 and 4)**’. The incidence of treatment-
emergent adverse events (TEAEs) in part Bwas similar with liraglutide
and cotadutide (8 of 10 (80%) versus 7 of 9 patients (77.8%); Table 2) and
similar to part A (Supplementary Table 3).

Our findings indicate that treatment with the dual GLP-1 and
glucagon receptor agonist cotadutide improves metabolic and func-
tional parametersin the liver compared with placebo and liraglutide in
patients with T2DM and overweight or obesity. Cotadutide treatment
resulted in a significant and physiologically meaningful reduction in
hepatic glycogen compared with liraglutide and placebo, confirming
engagement of glucagonreceptorsintheliver to stimulate glycogen-
olysis. This was accompanied by a reduction in liver fat and plasma
lipids and numerical improvements in other indices of liver health.
These results were consistent with part A of the study, performed
independently in a patient population with similar characteristics.

Evaluating hepatic glycogen dynamics using a >*C MRS-based
approach confirmed the differential mechanism of action of dual recep-
tor agonism over mono GLP-1receptor agonism. A study with similar
aims of the dual GLP-1 and glucagon receptor agonist SAR425899
used tracer-enhanced positron emission tomography-computed
tomography to evaluate glucagon receptor engagement but did not
confirm occupancy. This may have beeninherent to the pharmacology
of this peptide, but the methodology could not rule out that receptor
internalization limited the interpretation of these results®.

Cotadutide promoted greater reductions in steatosis than lira-
glutide despite comparable body weight loss, whichis consistent with
observations from previous clinical and preclinical studies, highlight-
ing differentiation of the dual receptor agonist>’. We postulate that
glucagonreceptor-drivenincreases in hepatic fatty acid oxidation and
suppression of lipogenesis account for this observation, whereas GLP-1
receptor effectsareindirectand due to body weight loss because GLP-1
receptorsare not highly expressed in the human liver’. Flux measures
of FFAs, cholesterol and glycerol would be required to evaluate this
further. Alimitation of this comparison was the difference in baseline
body mass index (BMI) and HFF between study arms (Extended Data
Tables 1and 2), although baseline differences were accounted for in
statistical analyses. In addition, 4 of 30 patients (13%) in part B had
PDFF scans at baseline that could not be evaluated.

Aglobalreductionin fasting and postprandial liver glycogen was
observed in cotadutide-treated patients compared with placebo and
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Table 2 | TEAEs during the study (part B)

n (%) Placebo Liraglutide Cotadutide
(n=11) (n=10) (n=9)
Any TEAE, n (%)
Any grade of TEAE 6 (54.5) 8(80.0) 7(77.8)
Treatment-related 3(27.3) 7 (70.0) 7(77.8)
Grade >3 TEAE (0] (0] (0]
Serious TEAE (] 0 6]
Deaths 0 0 0
TEAEs leading to treatment O 0 0
discontinuation
TEAEs occurring at a frequency 220% in any group?®
Nausea 0 1(10.0) 5(55.6)
Fatigue 0 1(10.0) 3(33.3)
Constipation 0 2(20.0) 2(22.2)
Insomnia 0 0 2(22.2)
Gastro-oesophageal reflux O 2(20.0) 0
disease
Decreased appetite 0 2(20.0) 0
Dizziness 1(9.) 2(20.0) 1(11)
Pollakiuria (urinary 2(18.2) (0] 0
frequency syndrome)
Headache 1(9.1) 1(10.0) 1(11.0)
Immunogenicity
ADA" after baseline, n (%) 0 N/A 3(33.3)
n (0] N/A 3
Median of maximum titre® N/A N/A 40
IQR N/A N/A 20-80
Treatment-boosted ADA 0 N/A 0

after baseline, n (%)

Patients were counted once for each system organ class and preferred term regardless of
the number of events. ADA, anti-drug antibody; IQR, interquartile range; MedDRA, Medical
Dictionary for Regulatory Activities; N/A, not applicable. *Preferred term (MedDRA v.24.0).
PIncludes all ADA* assessments with reportable ADA titre results after baseline.

liraglutide. Effects on fasting glycogen are unrelated to changes in
weightloss because fasting plasmaglucose and body weight reduction
were similar between cotadutide- and liraglutide-treated patients.
Furthermore, studies indicated that glycogen is a dynamic pool influ-
enced by acute nutrient availability rather than longer-term body
weight status'®. While astrength of this study was the use of standard-
ized meals in the days preceding the scans, with comparable body
weight and glucose changes in the cotadutide and liraglutide arms,
a limitation was the inability to control for other factors that may
influence glycogenolysis, such as endogenous hormonal changes
and substrate supply. Hepatic glycogen stores were not completely
depleted after cotadutide treatment (reduced to 236.1 mmol I at
day 35), implying that sufficient glycogen substrate is available for
mobilization of glucose during hypoglycaemia.

Cotadutide induced a greater postprandial reduction in glucose
compared with placebo and liraglutide. This could, in part, explain
lower postprandial glycogen levels where prolonged gastric emptying
time may have led to delayed hepatic glucose uptake. However, serial
measures of hepatic glycogen over a 24-h period were performed in
this study: a delay in glucose delivery to the liver might be expected
toinduce arightward shift of the glycogen time curve but this was not
observed. A numerical reduction frombaselinein hepatic glycogen was
observed at 14 h in the liraglutide arm and was probably attributable

to a single patient who was unable to complete standardized meals
after treatment.

The GLP-1and glucagonactivity ratioin cotadutide was optimized
to achieve a maximally beneficial overall effect from the agonism
of each receptor’. Observed reductions in fasting and postprandial
glucose and glycogen levels demonstrate that cotadutide effectively
engages the GLP-1and glucagonreceptors. Glucagonreceptor-driven
glycogenolysis predominates over GLP-1and insulin-mediated glyco-
gensynthesis; despite this, anetreductionin glucose was observedin
the fasted state. Although diurnal variation may occur, it is probable
that GLP-1receptor agonism and insulin release counter increased
hepatic glucose output viaenhanced glucose uptake to tissues. How-
ever, we cannot exclude thatin cotadutide-treated patients GLP-1and
insulin-mediated suppression of gluconeogenesis compensates for
increased glycogenolysis.

Greater reductions in lactate and alanine with cotadutide treat-
ment versus liraglutide may be suggestive of increased consumption
of gluconeogenic substrates; however, no changesinthe relative con-
tribution of gluconeogenesis versus glycogenolysis to the glucose pool
were detected. This could imply that cotadutide has equipotent effects
ongluconeogenesis and glycogenolysis but may also reflect limitations
inthe analysis of gluconeogenesis in this study, which was underpow-
ered and potentially used aninsufficient dose of deuterated water.

In conclusion, treatment with cotadutide in patients with T2DM
and overweight or obesity led to significant and physiologically mean-
ingful reductions in liver glycogen and fat compared with placebo
and liraglutide, supporting engagement with the glucagon receptor
inthe humanliver to promote offloading of excess energy substrates.
Our findings confirm that dual agonism promotes hepatic, metabolic
and body weight loss benefits associated with the combined action of
glucagon and GLP-1, which could directly underpin the therapeutic
effect asa potential treatment for metabolic diseases. This study dem-
onstrates the dual human pharmacology of aunimolecular dual recep-
tor agonist peptide. Dedicated studies in populations with confirmed
non-alcoholic steatohepatitis should explore this potential further.

Methods

Study conduct

Thestudy was conducted inaccordance with the principles of the Dec-
laration of Helsinki (2013), the International Council for Harmonization
Guidance for Good Clinical Practice and was approved by the independ-
ent ethics committees at Linkdping University, Linkdping, Sweden, and
Maastricht University Medical Centre, Maastricht, the Netherlands.
The national regulatory authorities in each country were notified and
approved the study. Written informed consent forms and any other
writteninformation and materials to be provided to participants were
approved by the independent ethics committees. Written informed
consent from all participants was obtained before enrolment into
the trial. The study is registered at ClinicalTrials.gov (NCT03555994).

Study design

This two-part, randomized, parallel-group phase 2a study was con-
ducted sequentially between June 2018 and April 2021 at two study sites
inSweden and the Netherlands. Part Awas anexploratory, double-blind,
randomized, placebo-controlled study (Extended Data Fig. 5). Achieve-
ment ofthe primary objective of part A determined continuationinto
part B, whichwas apart-blinded, randomized, active-comparator study
(Extended Data Fig. 6). Patients were enrolled by study site investiga-
torsand randomized after assessment of study eligibility was complete.
Patients wererandomly assigned to treatment groups and investigation
product kit numbers by acomputer-generated randomized sequence
(Covance), with the use of interactive Web response systems, which
assigned a unique randomization code and treatment group to the
patient. The overall primary objective (parts A and B) was to evaluate
the effect of cotadutide on hepatic glycogen levels compared with
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placebo, as evidence of glucagon receptor engagement. Secondary
objectives wereto evaluate the effect of cotadutide on hepatic glycogen
levels and HFF compared with liraglutide (part B).

Eligible patients for both parts were adults with a BMI of
27-40 kg m~? and T2DM (HbAlc < 8.0% (64 mmol mol™)) receiving
metformin monotherapy. Exclusion criteria included previous use
of GLP-1receptor analogue-based therapy, daily insulin and a history
of heavy alcohol use. Participants required a negative alcohol test at
screening and randomization.

This study included both sexes; gender data were not collected.
Owing to the small sample size, sex was not considered in the study
design and data were not disaggregated for sex. Ethnicity, ancestry
or any other socially relevant groupings were also not considered in
the study design.

Treatment and assessment

InpartA, patients were randomized 1:1to receive either subcutaneous
once-daily cotadutide titrated 100-300 pg or matching placebo for
28 days (Extended Data Fig. 4a). In part B, patients were randomized
1:1:1to receive either subcutaneous once-daily cotadutide titrated
50-300 pg, subcutaneous once-daily liraglutide titrated 0.6-1.8 mg
or placebo for 35 days.

Part Awas double-blinded, with both investigators, patients and
sponsor staffinvolvedin the treatment or clinical evaluation of patients
unaware of treatment allocation. An unblinded site monitor, who was
notinvolvedintreatment or clinical evaluation of patients, performed
investigational product accountability. Part B was a part-blinded,
randomized, active-comparator study, with investigators and patients
unaware of allocation to either placebo or cotadutide; however, lira-
glutide was open-label. The cotadutide and placebo multidose pens
were indistinguishable.

Hepatic glycogen, HFF, blood glucose, gluconeogenesis and
vitals were assessed at baseline and at the end of treatment. A safety
follow-up visit took place 28 days after the administration of the last
treatment.

Participants underwent a 5-day washout of metformin and were
admitted for 3 days before baseline and end of treatment assessment;
participants were given identical, standardized meals during admis-
sion, without access to additional food or alcohol. Serial measurements
of hepatic glycogen levels were performed using *C MRS on 3T MRI
scanners (GE Healthcare and Philips Healthcare) at baseline and at
the end of treatment before (fasting) and at 5,14 and 24 hafteraliquid
mixed meal. HFF was measured using MRI-PDFF (see the extended
methods for further details).

Imaging assessment. For the >C MRS evaluation of liver glycogen,
the signal was generated via a free-induction decay protocol using
dedicated *C surface coils (RAPID Biomedical) placed on top of the
liver, with the following parameters: flip angle calibrated to 90° at
8-cm depth; no decoupling; repetition time, 280 ms; 4,096 data
acquisitions). Quantification was performed by calibrating to a glu-
cose solution (natural abundance) with known glucose concentration
and via the inclusion of small reference vials (*C-enriched acetone
or acetate) placed on top of the coil casing during patient scanning.
Peak areas were determined automatically using MATLAB 2014b
(MathWorks).

Hepatic volumes were assessed from two-point Dixon water
images at each visit. All glycogen levels were adjusted for changes in
liver volume to correct for diurnal variations and for changes over the
treatment period.

HFF was assessed using whole-liver MRI-PDFF via six-point Dixon
scanning at baseline and on day 35 of treatment before a standard-
izedliquid mixed meal. Hepatic fat composition was determined viaa
single-voxel stimulated echo acquisition mode 'H-MRS protocol and
controlled breathing as described previously".

Deuterated water assessment. Plasma glucose was assessed from
blood samples collected at baseline and on day 35 of treatment after
an 8-h fast (15 min before consumption of a liquid mixed meal) and at
15, 30, 45, 60, 120, 180 and 220 min after a liquid mixed meal (Ensure
Plus, Abbott Nutrition) nutritional supplement containing 86 g carbo-
hydrates (37 g sugars), 18 g fat and 22 g protein; 400 ml; 590 kcal). For
plasmaanalysis of gluconeogenesis, deuterated water (*H,0, 2.3 ml kg™
body weight) was administered the night before the baseline assessment
dayand day 35 of treatment; blood samples were collected during fast-
ingand 220 min, and 9,14 and 24 h after the liquid mixed meal to assess
therelative incorporation of deuterium onto carbons C,and C; of newly
formed glucose (during which standardized meals were received)'>".
In part A, estimates of gluconeogenesis and glycogenolysis could not
be obtained because of technical issues. Samples were instead used to
support method development and assay validation for partB.

Endpoints

The primary endpoint in part A was change from baseline to day 28 in
postprandial hepatic glycogen with cotadutide versus placebo and was
selected based on preclinical findings’. Results from part A showed that
measurement of fasting rather than postprandial glycogen was optimal
froman operational and sample size perspective. Therefore, the primary
endpoint of part B was change from baseline to day 35 of treatment in
fasting hepatic glycogenadjusted for liver volume (Extended Data Table
4 and Supplementary Table 5) with cotadutide versus placebo. Second-
ary endpoints were change frombaseline to day 35 of treatment in fast-
ing hepatic glycogen adjusted for liver volume and HFF with cotadutide
versusliraglutide. Exploratory endpointsinboth parts were change from
baseline to end of treatment in body weight, fasting and postprandial
bloodglucose, lipids, FFAs, amino acids and liver biomarkers compared
with placebo (and liraglutide in part B) and change from baseline to
day 35 oftreatmentin postprandial hepatic glycogen adjusted for liver
volume compared with placebo and liraglutide (part B only).

Statistical analyses

InpartA, the samplesize of eightin eachstudy group would provide more
than80%powertodetect19%difference betweentreatmentgroupsforthe
primary endpoint, with atwo-sided significance level of 0.1 (correspond-
ingto 90% Cl, selected to minimize sample size in this exploratory study),
assuming a mean baseline glycogen concentration of 283 umol ml™
(s.d. =41 pmol mI™) for both groups'”. In part B, the sample size of
ten in the cotadutide and placebo groups would provide more than
80% power to detect 24.3% difference between treatment groups for
the primary endpoint, with a two-sided significance level of 0.1,
assuming ans.d. of 17% for both groups.

Primary efficacy analyses were performed on the intent-to-treat
population; safety analyses were performed on the as-treated popula-
tion. All available data were included in the analyses and missing data
were not imputed except as specified in the calculation of the AUC
values. For the secondary and exploratory endpoints, only patients who
could be evaluated with valid baseline or after baseline measurements
were analysed. Changes from baseline were assessed usingan ANCOVA
model, withtreatment group and baseline value as covariates. Separate
models comparing cotadutide versus placebo and cotadutide versus
liraglutide were generated; adjustments for multiple comparisons were
not performed. Summary or descriptive statistics were generated for
theanalysis of clinical laboratory parameters and vital signs. For primary
andsecondary endpoints, the assumptions of each ANCOVA model were
assessed and confirmed to be valid. Formal statistical testing for explor-
atory endpoints was not performed. Data analyses were performed
using SAS v.9.3 or higher (SAS Institute) within a UNIX environment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

Source files for primary and key secondary outcomes containing data
underlyingthe findings described in this article may be obtained from
the corresponding author uponreasonable requestinaccordance with
AstraZeneca'’s data sharing policy described at https://astrazeneca-
grouptrials.pharmacm.com/ST/Submission/Disclosure. Source data
are provided with this paper.
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Extended Data Fig. 1| Postprandial glycogen levels at baseline and after placebo or cotadutide. Arrows denote timings of standardized meals. Glycogen
28 days of treatment with cotadutide and placebo (Part A). a, Postprandial levels evaluated by *C MRS were adjusted for liver volume. Evaluable patients:
hepatic glycogen levels at 4 hours after MMTT at baseline and at day 28 of placebo, n=9; cotadutide, n =12. Data are means + SEM. BL, baseline; MMTT,
treatment with placebo or cotadutide (part A primary endpoint); b, Hepatic mixed-meal tolerance test; MRS, magnetic resonance spectroscopy; SEM,
glycogen levels across 24 hours at baseline and at day 28 of treatment with standard error of the mean.
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Extended Data Fig. 2| Participant flow diagram (Part B). Flow diagram depicting the number of individuals at each stage of the Part B of the study.
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Extended Data Table 1| Patient demographics and baseline characteristics (part B)

Placebo Liraglutide Cotadutide
(n=11) (n=10) (n=9)
Sex
Male 9 (82) 6 (60) 6 (67)
Female 2(18) 4 (40) 3(33)
Age, years 64.0 (10.7) 65.2 (9.1) 61.8 (7.5)
Race
White 11 (100) 10 (100) 9 (100)
Body mass index, kg/m? 30.8 (4.0) 30.2 (2.3) 31.9 (4.0)
Weight, kg 93.4 (11.8) 91.5(10.1) 94.0 (14.6)
HbA1c, % 7.1 (0.63) 6.8 (0.73) 6.8 (0.66)
Fasting glucose, mg/dl 159.2 (29.7) 147.3 (43.1) 150.0 (22.0)
Duration of T2DM, years 7.0 (3.1) 9.5 (3.6) 8.1 (6.0)
Lipid parameters
Total cholesterol, 4.6 (0.9) 3.9(0.9) 5.0 (1.3)
mmol/|
Triglycerides, mmol/l 2.3(1.0) 2.0 (1.0) 2.1 (0.6)
HDL cholesterol, 1.1 (0.2) 1.1 (0.4) 1.2 (0.3)
mmol/l
LDL cholesterol, 24 (0.9) 2.0(0.7) 2.9(1.3)
mmol/l
Hepatic fat fraction, %* 15.1 (9.1) 11.5(9.2) 16.3 (11.6)
Range, %* 3.3-34.6 2.3-30.6 3.5-33.8
Hepatic fat fraction = 5% * 9 (90.0) 7(77.8) 5(71.4)
Hepatic parameters
ALT, U/l 0.45 (0.26) 0.39 (0.14) 0.45 (0.30)
AST, U/l 0.35 (0.14) 0.29 (0.06) 0.35 (0.15)
Bilirubin, mg/dI 0.51 (0.23) 0.56 (0.16) 0.48 (0.16)
Fib-4 index 0.17 (0.07) 0.14 (0.06) 0.16 (0.08)
Cardiovascular parameters
Systolic BP, mmHg 139.2 (15.7) 140.9 (10.1) 143.4 (15.8)
Diastolic BP, mmHg 81.2 (8.5) 86.4 (6.1) 85.0 (8.6)
Pulse rate, bpm 65.4 (8.0) 64.0 (13.7) 62.9 (7.3)
eGFR, ml/min/1.73m? 82.6 (15.8) 83.9 (13.8) 82.1 (7.5)

*Evaluable patients: placebo, n=10; liraglutide, n=9, cotadutide, n=7. All categorical variables are n (%) and all continuous variables are mean (SD). ALT, alanine aminotransferase; AST,
aspartate aminotransferase; BP, blood pressure; bpm, beats per minute; eGFR, estimated glomerular filtration rate; HbA1,, glycated haemoglobin; HDL, high-density lipoprotein; LDL,
low-density lipoprotein; T2DM, type 2 diabetes mellitus.
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Extended Data Table 2 | Exploratory metabolic outcomes (part B)

Placebo (n=11) Liraglutide (n=10) Cotadutide (n =9)
Baseline % change Baseline % change to Baseline % change to
to day 35 day 35 day 35
Parameter
Total cholesterol,
o 4.55 (0.93) 1.32 (5.79) 3.92 (0.88) -9.79 (8.56) 5.04 (1.30) —23.14 (5.45)
LDL, mmolA 2.38 (0.86) 2.64 (7.72) 1.95 (0.68) (_1133‘2978) 2.86 (1.26) _27.04 (10.84)
HDL, mmol/l 1.10 (0.16) 1.44 (4.50) 1.07 (0.36) -1.95 (8.83) 1.22 (0.34) ~11.37 (10.87)
Triglycerides, mmoll 5 45 (0.98) 1.64 (11.00) 1.95 (0.99) (_1152:38) 2.10 (0.64) _25.78 (14.37)
ALT, pkat/l 0.45 (0.26) —6.90 (19.10) 0.39 (0.14) 4.54 (28.87) 0.45 (0.30) —17.45 (26.23)
AST, pkat/l 0.35 (0.14) 0.39 (17.82) 0.29 (0.06) 5.32 (20.37) 0.35 (0.15) -9.70 (26.33)
Bilirubin, umolf 8.71 (3.86) 1.50 (24.55) 9.58 (2.82) (_1161:167) 8.17 (2.67) _25.28 (18.86)
Fib-4 index 0.17 (0.07) -1.08 (17.22) 0.14 (0.06) 6.56 (13.58) 0.16 (0.08) —8.29 (14.38)
Baseline Change to Baseline Change to Baseline Change to
day 35 day 35 day 35
B-hydroxybutyrate, 146.01 -19.21 154.76 36.02
pmolil (76.42) (76.40) (65.23) (107.31) 10154 (14.52) 42.54 (46.:36)
Free fatty acids,
ol 0.52 (0.14) 0.00 (0.18) 0.49 (0.10) —0.04 (0.15) 0.54 (0.13) -0.11 (0.12)
Lactate, mmol/l 1.20 (0.59) -0.07 (0.50) 1.06 (0.41) -0.16 (0.26) 1.09 (0.32) -0.22 (0.26)
Lysine, mg/di 2.87 (0.44) 0.00 (0.51) 2.79 (0.66) 0.34 (0.55) 2.92 (0.32) -0.54 (0.57)
Threonine, mg/dl 1.20 (0.41) 0.04 (0.50) 1.58 (0.83) 0.25 (0.62) 1.51 (0.51) —0.11 (0.66)
Arginine, mg/dl 1.39 (0.29) 0.07 (0.29) 1.31(0.61) 0.00 (0.49) 1.73 (0.54) -0.34 (0.35)
Glutamine, mg/dl 7.65 (1.01) ~0.22(1.22) 8.05 (1.50) 0.53 (1.53) 8.61 (1.54) ~0.40 (1.68)
Isoleucine, mg/di 1.05 (0.24) —0.05 (0.14) 1.00 (0.17) 0.10 (0.24) 1.01(0.19) 0.09 (0.26)
Leucine, mg/d| 2.06 (0.40) -0.07 (0.27) 1.93 (0.34) 0.03 (0.44) 2.08 (0.43) -0.02 (0.42)
Valine, mg/d 3.56 (0.74) ~0.16 (0.48) 3.35 (0.45) 0.18 (0.66) 3.71(0.70) ~0.16 (0.78)
Serine, mg/d 1.14 (0.26) ~0.01(0.19) 1.45 (0.39) 0.10 (0.17) 1.28 (0.18) -0.01 (0.23)
Asparagine, md/di 0.65 (0.12) -0.03 (0.18) 0.67 (0.20) 0.06 (0.18) 0.68 (0.09) —0.04 (0.17)
Methionine, mg/d| 0.32 (0.06) ~0.02 (0.06) 0.33 (0.08) 0.01 (0.08) 0.34 (0.05) ~0.04 (0.06)
Alanine, mg/d| 3.06 (0.75) -0.10 (0.53) 2.77 (0.69) 0.02 (0.88) 3.36 (0.53) -0.82 (0.37)
Glutamic acid, mg/d| 1.21(0.66) 0.25 (0.85) 1.05 (0.38) 0.12 (0.26) 0.90 (0.37) 0.22 (0.68)
Proline, mg/d 3.28 (0.72) 0.27 (1.40) 3.79 (1.24) 0.72 (1.52) 3.86 (0.67) —0.09 (0.41)
Glycine, mg/d 1.26 (0.30) ~0.02 (0.24) 1.31 (0.47) 0.02 (0.40) 1.45 (0.28) ~0.18 (0.28)

Change from baseline to day 35 of treatment in exploratory outcomes - fasting lipids, free fatty acids, ketones, amino acids and markers of liver health (part B) Data are mean (SD). ALT, alanine
aminotransferase; AST, aspartate aminotransferase; Fib-4, fibrosis-4; HDL, high density lipoprotein; LDL, low-density lipoprotein.
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Extended Data Table 3 | Vitals (part B)

Parameter

Placebo Liraglutide Cotadutide
(n=11) (n=10) (n=9)

Absolute change from baseline to day 35

Systolic BP, mmHg —2.1(6.9) -8.4 (17.7) -11.7 (11.8)
Diastolic BP, mmHg —0.7 (4.9) -35(5.9) -0.6 (5.0)
Pulse rate, bpm 3.4 (5.0) 10.7 (6.8) 15.6 (9.7)

Change from baseline to day 36 in systolic blood pressure, diastolic blood pressure and pulse rate. Data are mean (SD). BP, blood pressure; bpm, beats per minute; ECG, electrocardiogram.
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Extended Data Table 4 | Liver volume (part B)

Baseline Day 35
Time post-
MMTT Placebo Liraglutide Cotadutide Placebo Liraglutide
(n=11) (n=10) (n=9) (n=11) (n=10)

Oh
Liver volume. | 1.86 1.93 1.77 1.86 1.78

: (0.29) (0.54) (0.40) (0.29) (0.51)
5h
Liver volume. | 1.83 1.89 1.80 1.82 1.77

: (0.26) (0.57) (0.42) (0.25) (0.54)
14h
Liver volume. | 1.93 1.97 1.85 1.88 1.85

' (0.28) (0.59) (0.46) (0.24) (0.53)
24h
Liver volume. | 1.83 1.88 1.77 1.79 1.78

' (0.28) (0.53) (0.40) (0.23) (0.53)

Liver volume at baseline and day 35 of treatment in part B of the study. Data are mean (SD). MMTT, mixed-meal tolerance test.
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the study design and data were not disaggregated for sex.

Reporting on race, ethnicity, or  Owing to the small sample size, race, ethnicity or any other socially relevant groupings were not considered in the study

other socially relevant design. All participants were white, influenced primarily by the geographical location of study sites in Northern Europe.
groupings
Population characteristics Both parts of the study included men and women aged >18 years, with a BMI of 27-40 kg/m?2 and type 2 diabetes mellitus

(HbAlc < 8.0% (64 mmol/mol)) receiving metformin monotherapy. Part A included 21 patients (13 males, 8 females) with a
mean age of 67.3 years old, mean BMI of 32.1 kg/m2 and mean HbAlc of 6.4%. Part B included 30 patients (21 males, 9
females) with a mean age of 63.7 years old, mean BMI of 30.9 kg/m2 and mean HbAlc of 6.9%. Sex was determined on the
basis of self-report.

Recruitment Independent Ethics Committees at the study sites approved all advertising used to recruit patients for the study. Patients
were enrolled by study site investigators and randomized after assessment of study eligibility was complete. Investigators
ensured each subject was given full and adequate oral and written information about the nature, purpose, possible risk, and
benefit of the study. They ensured that each potential participant was given the opportunity to ask questions and allowed
time to consider the information provided. No self-selection bias was anticipated nor identified. Eligible patients for both
parts of the study were men and women aged >18 years, with a BMI of 27-40 kg/m?2 and type 2 diabetes mellitus (HbAlc
<8.0% (64 mmol/mol)) receiving metformin monotherapy with no significant dose adjustment (increase or decrease >500
mg/day) 3 months prior to enrolment. Patients had to have AST and ALT levels <3 times the upper limit of normal (ULN) and
bilirubin levels <2 times ULN, as well as an estimated glomerular filtration rate >30 ml/min/1.73 m2 (Modification of Diet in
Renal Disease calculation). Prior use of GLP-1 receptor analogue-based therapy within 30 days of enrolment and daily insulin
within 90 days of enrolment was not allowed. Other key exclusion criteria included recurrent hypoglycaemia (blood glucose
<3.0 mmol/I (<54 mg/dl) at least twice within 6 months prior to enrolment), clinically significant liver disease other than
NAFLD or NASH and a history of acute or chronic pancreatitis, type 1 diabetes mellitus or diabetic ketoacidosis and history of
heavy alcohol use. Participants required a negative alcohol test at screening and randomization.

Ethics oversight The study was conducted in accordance with the principles of the Declaration of Helsinki, the International Council for
Harmonization Guidance for Good Clinical Practice and was approved by Independent Ethics Committees at Maastricht
University Medical Centre, Maastricht, Netherlands and Linkoping University, Linképing, Sweden. National regulatory
authority in each country were notified of and approved the study. Written informed consent forms and any other written
information/materials to be provided to participants were approved by the Independent Ethics Committees. Written
informed consent from all participants was required for inclusion into the trial. The study is registered at clinicaltrials.gov
(NCT03555994).
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Sample size In Part A, the sample size of eight in each study group would provide > 80% power to detect 19% difference between treatment groups for
the primary endpoint, with a two-sided significance level of 0.1 (corresponding to 90% Cl, selected to minimize sample size in this exploratory
study), assuming mean baseline glycogen concentration of 283 umol/ml (SD, 41 umol/ml) for both groups. In Part B, the sample size of 10in
the cotadutide and placebo groups would provide > 80% power to detect 24.3% difference between treatment groups for the primary
endpoint, with a two-sided significance level of 0.1, assuming a SD of 17% for both groups. Given the small sample size and small number of
sites, sex and gender sub-analyses were not performed as they would not be sufficiently powered to generate meaningful results. In view of
this sex was not considered in the study design and gender data was not collected.

Data exclusions  All available data were included in the analyses and missing data was not be imputed. Safety was assessed in all randomized patients who
received at least one dose of study treatment. Secondary and exploratory analyses were performed in all randomized patients who received

treatment and for whom data were available at baseline and end of treatment follow-up visit.

Replication No findings were replicated in this phase 2a clinical trial.
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Randomization In Part A, randomization was 1:1 to either subcutaneous once-daily cotadutide titrated 100-300 ug or matching placebo. In Part B,
randomization was 1:1:1 to either subcutaneous once-daily cotadutide titrated 50-300 pg, subcutaneous once-daily liraglutide titrated 0.6—
1.8 mg, or placebo. Assignment to treatment groups and investigation product kit numbers was determined by a computer-generated
randomized sequence (Covance, Inc.), with use of interactive web response systems and interactive voice-response systems.

Blinding Part A was double-blinded, with both investigators, patients and sponsor staff who are involved in the treatment or clinical evaluation of
patients unaware of treatment allocation. An unblinded site monitor, whom was not involved in treatment or clinical evaluation of patients,
performed investigational product accountability. Part B was a part-blinded, randomized, active-comparator study
with investigators and patients unaware of allocation to either placebo or cotadutide, but liraglutide was open-label. The cotadutide and
placebo multidose pens were indistinguishable.
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Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
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Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  ClinicalTrials.gov: NCT03555994
Study protocol D5670C00022

Data collection The study took place between May 2018 and April 2021. Data were collected at the study sites (Maastricht University Medical
Centre, Maastricht, Netherlands and Linkdping University, Linkoping, Sweden)

Outcomes The overall primary objective was to evaluate the effect of cotadutide on hepatic glycogen levels compared with placebo, as evidence
of glucagon receptor engagement (Part A primary endpoint: change from baseline to day 28 in postprandial hepatic glycogen with
cotadutide versus placebo; Part B primary endpoint:Part B was change from baseline to day 35 of treatment in fasting hepatic
glycogen adjusted for liver volume). Secondary objectives were to evaluate the effect of cotadutide on hepatic glycogen levels
adjusted for liver volume and hepatic fat fraction compared with liraglutide (Part B) and to evaluate the safety and tolerability of
cotadutide titrated up to a dose level of 300 pg.
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