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Abstract

Objective: Obesity-linked type 2 diabetes (T2D) is a worldwide health concern and many novel
approaches are being considered for its treatment and subsequent prevention of serious comorbidities.
Co-administration of glucagon like peptide 1 (Fc-GLP-1) and peptide YYs3s (Fc-PYYs3) renders a
synergistic decrease in energy intake in obese men. However, mechanistic details of the synergy

between these peptide agonists and their effects on metabolic homeostasis remain relatively scarce.

Methods: In this study, we utilized long-acting analogues of GLP-1 and PYY;3 (via Fc-peptide
conjugation) to better characterize the synergistic pharmacological benefits of their co-administration
on body weight and glycaemic regulation in obese and diabetic mouse models. Hyperinsulinemic-
euglycemic clamps were used to measure weight-independent effects of Fc-PYY;.35+ Fc-GLP-1 on insulin
action. Fluorescent light sheet microscopy analysis of whole brain was performed to assess activation of

brain regions.

Results: Co-administration of long-acting Fc-1gG/peptide conjugates of Fc-GLP-1 and Fc-PYY;.3 (specific
for PYY receptor-2 (Y2R)) resulted in profound weight loss, restored glucose homeostasis, and recovered
endogenous B-cell function in two mouse models of obese T2D. Hyperinsulinemic-euglycemic clamps in
C57BLKS/J db/db and diet-induced obese Y2R-deficient (Y2RKO) mice indicated Y2R is required for a
weight-independent improvement in peripheral insulin sensitivity and enhanced hepatic glycogenesis.
Brain cFos staining demonstrated distinct temporal activation of regions of the hypothalamus and

hindbrain following Fc-PYY;.35 + Fc-GLP-1R agonist administration.

Conclusions: These results reveal a therapeutic approach for obesity/T2D that improved insulin
sensitivity and restored endogenous B-cell function. This data also highlights the potential association

between the gut-brain axis in control of metabolic homeostasis.

Keywords

Glucagon-like peptide-1 (GLP-1), Peptide-YYs3s (PYY336), B-cell function, diabetes remission, insulin

sensitivity, central nervous system, glucose homeostasis
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1. Introduction

Obesity is a pandemic affecting nearly two billion people worldwide who also have significant increased
risk to comorbidities like type 2 diabetes (T2D) and its complications, cardiovascular disease and several
cancers [1]. Weight loss through lifestyle, diet and behavioural modification has poor compliance, with
the vast majority of patients relapsing in only a few years [2]. Conversely, bariatric surgeries, such as
Roux-en-Y gastric bypass (RYGB), confer sustained weight-loss and diabetes resolution [3, 4]. However,
bariatric surgeries are not a scalable solution to address the ever-increasing obesity burden. Thus, the
need for effective pharmacotherapies has driven intense investigation of the molecular mechanisms
underlying the efficacy of surgical intervention and has revealed a number of intriguing translatable

possibilities, namely the postprandial increase in circulating gut-derived hormones [5].

Glucagon-like peptide 1 (GLP-1), derived from differential proteolytic processing of proglucagon, and
PYY33s, generated by specific proteolysis of proPYY, are together secreted from intestinal L-cells in
response to nutrient intake. Both have emerged as leading pharmacological candidates for their potent
physiological effects to reduce food intake and induce weight loss [6]. GLP-1 mediated activation of
GLP-1 receptors (GLP-1R) on pancreatic B-cells potentiates glucose-induced insulin secretion and
maintains B-cell mass. Central activation of GLP-1Rs, particularly in the hypothalamus and hindbrain,
leads to delayed gastric emptying and inhibition of food intake, that when pharmacological GLP-1
analogues are applied can drive clinically relevant weight loss [7, 8]. The effects of PYY; ;5 have almost
exclusively been linked to central activation. PYY;.35 can reduce food intake in both rodents and man,
and is thought to act via activation of the Neuropeptide Y Receptor Y2 (NPY2R) in the hypothalamus [9,
10]. Together, acute co-administration of PYY;3 and GLP-1-derived peptides render a synergistic
decrease in energy intake in obese men [11]. However, mechanistic details of the synergy between
these peptide agonists beyond food intake, body weight control and consequential effects on metabolic
homeostasis remain relatively scarce. In this study, we utilized long-acting analogues of GLP-1 and PYY;.
3 (via Fc-peptide conjugation) with submaximal doses to better characterize the synergistic
pharmacological benefits of their co-administration on body weight and glycaemic regulation in
obese/diabetic mouse models, and better outline the central neuronal circuitries by which they mediate

these effects.

2. Material and Methods
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2.1 Compounds and cAMP accumulation assay

IgG1 Fc was generated with a cysteine substitution at position 442 (442C) in the CH3 domain using
standard DNA recombinant technologies [12] and expressed in CHO cells. The Y2R-selective peptide was
prepared by automated solid-phase synthesis using the Fmoc/'Bu protocol with a maleimide group at
lysine 11 to enable conjugation of the peptide to the free Cys (442C) in the Fc molecule. Crude peptides
were isolated by chromatography using an Agilent Polaris C8-A stationary phase (21.2 x 250 mm, 5
microns) eluting with a linear solvent gradient from 10% to 70% MeCN (0.1% TFA v/v) in water for 30
min using a Varian SD-1 Prep Star binary pump system, monitoring by UV absorption at 210 nm.
Following reduction and oxidation, the Fc was site specifically conjugated with the maleimide-
functionalized PYY;.3¢ to yield Fc-PYY3 36 (Figure 1C). The Fc-GLP-1R agonist was an internally-generated
(AstraZeneca, Gaithersburg, MD) version of Dulaglutide 1gG4 Fc (exact same primary sequence) and was
purified as per Fc-PYY;3,. Stable Chinese hamster ovary (CHO) cell lines overexpressing human or
mouse GLP-1R, NPY2R, and human NPY1R, NPY4R or NPY5R were generated at AstraZeneca using public
domain determined and confirmed sequences for each receptor. Half-maximal agonist potency
determinations (ECs) for peptides inducing cAMP production were measured in the presence of 0.1%
BSA (Figure 2). cAMP generation was measured using the CisBio dynamic d2 cAMP HTRF assay kit
(CisBio, Codolet, France) according the manufacturer’s guidelines as previously described [13, 14].

Cisplatin was purchased from Tocris Bioscience (Bristol, UK).
2.2 Experimental design

Animal studies were approved by either the Institutional Animal Care and Use Committee at
Medimmune/AstraZeneca (Gaithersburg, MD, USA) or Vanderbilt University (Nashville, TN, USA) in
accordance with Animal Welfare Act guidelines, or Gubra (Hgrsholm, Denmark) under personal licenses
issued by the Danish Committee for Animal Research. Eight cohorts of group-housed male mice were
used in this study. Cohort A consisted of 8-week old C57BLKS/J db/db mice (Jackson Labs, Bar Harbor,
ME) used to assess the effects of Fc-GLP-1, Fc-PYY3.36, and Fc-PYY3.35 + Fc-GLP-1 on physiological
parameters and B-cell function. Cohort B consisted of 8-week old C57BLKS/J db/db mice (Jackson Labs)
used to assess the effect of Fc-PYY; .35+ Fc-GLP-1 on energy expenditure and activity. Cohort C consisted
of 9-week old C57BLKS/J db/db and db/+ mice (Jackson Labs) used to assess the effect of Fc-PYY;.3¢+ Fc-
GLP-1 on insulin sensitivity and glucose disposal. Cohorts A-C were fed normal chow ad libitum prior to

and during the experiment, except in experiments including weight matched groups. In cohorts B and C
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weight matching was achieved in C57BLKS/J db/db by pair feeding to match that consumed by the mice
administered Fc-PYY;.35/GLP-1 the previous day and, if required, further reducing the pair fed amount by
5-15% to maintain weight matching to the Fc-PYY;.35/GLP-1 group. Cohort D consisted of high fat diet
fed (Research Diets D12492, 8 weeks on diet) 18-week old C57BL6/J and Y2RKO mice (Jackson Labs, Bar
Harbor, ME, USA) used to assess the effect of Fc-PYY3 35+ Fc-GLP-1 on insulin sensitivity and glucose
disposal. Constitutive Y2RKO mice (C57BL/6NTac-Npy2r™°’8™¢; Y2RKO) were generated at Taconic (San
Diego, CA) as described previously [15]. Cohort E consisted of 8-week old lean C57BL6/J, Y2RKO, and
Y2RKO/GLP-1RKO double knockout mice (Janvier Labs and Taconic, [16] used to assess the acute effect
of IP-injected Fc-GLP-1, Fc-PYY3.36, and Fc-PYY; 3+ Fc-GLP-1 combination on central cFOS reactivity 4h
post-dose. Cohort F consisted of 8-week old lean C57BL6/J mice (Janvier Labs, France) used to assess
the acute effect of IP-injected Fc-PYY;.35+ Fc-GLP-1 on gene expression changes in the Area Postrema
(AP), Nucleus Tractus Solitarius (NTS), and ParaVentricular Nucleus (PVN) brain regions 4h post-dose.
Cohort G consisted of 8-week old lean C57BL6/) mice (Janvier Labs) used to assess the acute effect of IP-
injected Fc-GLP-1, Fc-PYY;.36, and Fc-PYY3 35+ Fc-GLP-1 on whole-brain cFOS reactivity 24-hours post-
dose. Cohort H consisted of 8-week old lean C57BL6/) mice (Janvier labs) used to assess conditioned
taste aversion to IP-injected Fc-GLP-1, Fc-PYY3.35, and Fc-PYY3.36+ Fc-GLP-1. All cohorts were
acclimatized for at least one week prior to study start. Cohorts A and B were randomized into groups
based on hemoglobin Alc levels (%HbA1c), while all other cohorts were randomized based on body
weight. Cohorts A, B, C, and D received Fc-GLP-1 (0.15 mg/kg SC, QAD), Fc-PYY3.35 (1.0 mg/kg SC, QAD),
or Fc-PYY;.36+ Fc-GLP-1 (0.3 mg/kg / 0.05 mg/kg SC, QAD dose escalated to 1.0mg/kg / 0.15 mg/kg after
one week). Cohorts E and F received Fc-GLP-1 (0.15 mg/kg IP), Fc-PYY3.35 (1.0 mg/kg IP), or Fc-PYY3 36+
Fc-GLP-1 (1.0 mg/kg / 0.15 mg/kg IP) as indicated. Cohort G received Fc-GLP-1 (0.5 mg/kg IP), Fc-PYY;.3¢
(1.0 mg/kg IP), or Fc-PYY3.36+ Fc-GLP-1 (1.0 mg/kg / 0.5 mg/kg IP) as indicated. Cohort H received Fc-
GLP-1 (0.15 mg/kg SC), Fc-PYY3.36 (1.0 mg/kg SC), Fc-PYY;.36+ Fc-GLP-1 (1.0 mg/kg / 0.15 mg/kg SC), or
cisplatin (3 mg/kg SC). Phosphate-buffered saline (PBS) was used as vehicle control for all cohorts.
Animal care, use, and experimental protocols were approved by the institutional animal care and use

committees of AstraZeneca and Gubra.

2.3 ipGTT and assay

Six-hour fasted mice were injected intraperitoneally with 2.0 g/kg glucose in saline. Blood glucose was
determined at 0, 15, 30, 60, and 120 min. Plasma glucose was determined colorimetrically using glucose

oxidase kit (Cayman Chemical, Ann Arbor, MI). Plasma insulin levels were determined via ELISA
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(MesoScale Discovery, Rockville, MD) in cohort A, and via RIA (MilliporeSigma, Temecular, CA) in cohorts
C and D. The HbAlc level was determined colorimetrically from whole blood (Crystal Chem Inc, Elk

Grove Village, IL).
2.4 Islet and pancreas analysis

Pancreatic insulin content was determined from whole pancreas using acid-ethanol extraction and
insulin ELISA. For immunohistochemistry, pancreata were fixed, embedded, and cut into 5 um sections.
Insulin and glucagon staining, quantitation and analysis were performed all as previously described [17,
18]. Pancreatic islets from C57BL6/J or C57BLKS/J db/db mice were isolated by collagenase digestion as
previously described [19]. For gRT-PCR and transmission electron microscopy, freshly isolated islets
from C57BLKS/J db/db mice used. Transmission electron microscopy and quantitation of insulin
secretory granule numbers was performed as previously described [20]. gRT-PCR analysis was
performed using Tagman gene expression assay probe/primer sets (Thermo Fischer Scientific) for Ins1,
Ins2, Gck, Pdx1, Slca2a, and Rnal8s; PrimePCR Probe Assay (Bio-Rad, Hercules, CA) was used for Mafa.
Results are shown as the target gene expression relative to Rnal18s expression and normalized to vehicle
expression using the 2™ method. For perifusion, freshly isolated islets from C57BLKS/) db/db mice
(Figure 2A-B) or overnight recovered islets (RPMI media, 10% FBS, 5.6 mmol/L glucose) from C57BL6/)
mice (Figure2l-J) were used. Perifusion was performed as described previously [18]. For Figure 2I-J, Fc-
GLP-1 (100 nM), Fc-PYYs3 (1 puM) or the combination were added during the entire perifusion

procedure, as indicated.
2.5 Energy expenditure

Indirect calorimetry was performed with a Columbus Instruments Comprehensive Laboratory Animal
Monitoring System (CLAMS) (Columbus, OH). Cohort B consisted of 3 groups: C57BLKS/J db/db vehicle,
C57BLKS/J db/db Fc-PYY3.35+ Fc-GLP-1 (dosed as described), and C57BLKS/J db/db weight matched to the
drug-treated group. Animals were dosed for 16 days; on day 12, animals were acclimated to the CLAMs

system for 48h. On day 14, respirometry and locomotor activity were monitored for 36h and recorded.
2.6 Dual radiolabelled hyperinsulinemic-euglycemic clamp and glycogen assessment

Clamp studies and associated calculations were performed as previously described [18, 21]. Cohort C

consisted of db/+, C57BLKS/J db/db vehicle, C57BLKS/J) db/db Fc-PYY5.5c+ Fc-GLP-1, and C57BLKS/J db/db
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weight-matched (WM) to the drug-treated group. Cohort D consisted of DIO C57BL6/J vehicle, DIO
C57BL6/J Fc-PYY;.36 + Fc-GLP-1, DIO Y2RKO vehicle, and DIO Y2RKO Fc-PYYs 36 + Fc-GLP-1 mice (D12492,
Research Diets). In both cohorts C and D, animals were dosed SC QAD for 1 week with low dose
compound. Jugular vein and carotid artery catheters were placed 7 days prior to the experiment.
Animals were then dosed SC QAD for an additional week with high dose compound. On the day of the
clamp study conscious, unrestrained 5h fasted mice under were simultaneously infused into the jugular
vein with a constant rate of 0.1 pCi/mi [*H]-glucose. After a basal period, a variable rate 20% dextrose to
maintain target glycemia, and a constant rate of human insulin were infused into the jugular vein
catheter. Arterial blood samples were taken aver 10 min from the arterial catheter and the glucose
infusion rate was adjusted to maintain the glucose at a target concentration. For cohort C (N = 6/group),
steady state glucose was achieved at 200 mg/dL using 40mU/min/kg (lean mass) of insulin. For cohort D
(N > 7/group), steady state glucose was achieved at 110 mg/dL using 4mU/min/kg (body weight) of
insulin. At 120 min, a bolus of [*C]-2-deoxy-glucose was infused to assess tissue-specific glucose
uptake. At 155 min, animals were sacrificed with pentobarbital anaesthesia and tissues were collected.
Total glycogen content and tracer- determined glycogen synthesis in gastrocnemius and liver were

assessed as described previously [22].
2.7 Conditioned taste aversion

One week prior to assessment, animals were single-housed with ad libitum access to food and one
bottle of water. The position of the water bottle was switched daily to minimize the development of
side preference. The animals were weighed and handled daily 3 days prior to assessment. On the day
of conditioning and following 12h of water deprivation (day 1), animals were exposed to a bottle
containing highly palatable 0.1% saccharin flavoured water (4 h access). Immediately after (t = Oh),
animals were IP-dosed with Fc-PYY;.36, Fc-GLP-1, Fc-PYY3 35+ Fc-GLP-1 or cisplatin, as indicated. Seventy-
two hours later, a voluntary choice between tap water and 0.1% saccharin solution was provided, and

both water and saccharin solution intake were measured after 24h (i.e., between t = 72h and 96h).
2.8 cFOS quantitation

Animals from cohort E were IP-sham dosed for 3 days prior to termination. On the study day, animals
were dosed IP with compound as indicated, sacrificed via midazolam anaesthesia followed by isoflurane
inhalation 4h post-dose, transcardially perfused with heparinized saline (15,000 1U/L) followed by 4%

paraformaldehyde for 5 min (10 mL/min) and brains removed 4h following IP-dosing. Brains were
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removed, post-fixed overnight in the same fixative and transferred for 2 days to a 30% sucrose solution.
Brains were cut into six series of 40 pum coronal sections on a freezing microtome and stored until
immunohistochemical processing. cFOS immunostaining and counting of c-FOS positive cell nuclei were
performed as previously described [23]. An initial qualitative cFOS screen was performed in lean
C57BL6/J mice following the above procedure to identify regions of interest for c-FOS quantitation (data

not shown).
2.9 Laser capture microdissection and RNAseq-bioinformatics

Laser capture microdissection was performed as previously described [24, 25] on brains from cohort F
4h following IP-dosing. Briefly, snap-frozen brains were sectioned (10 um thickness) on a Cryostat
(model CM350 S, Leica Biosystems, Nussloch, Germany). Sections were collected onto PEN membrane
glass slides (Thermo Fischer Scientific), fixed, crystal violet stained and dehydrated. LCM was performed
using an ArcturusXT microdissection system (Thermo Fischer Scientific). A combination of the infrared
capture laser and the ultraviolet cutting laser allowed the isolation of 4 mm? tissue from each brain
region per animal. RNA was isolated using the PicoPure RNA isolation kit (Thermo Fischer
Scientific). RNAseq libraries were prepared with NeoPrep using the lllumina TruSeq stranded mRNA
library kit for NeoPrep and sequenced (75 base pair single-end reads) on the NextSeq 500 (lllumina, San
Diego, CA). Reads were aligned to the GRCm38 v89 Ensembl Mus musculus genome using STAR v.2.5.2a
[26]. Differential gene expression analysis was performed with the R package DEseq2 [27], and genes
were considered significantly regulated based on having a false discovery rate (FDR) less than 0.01. A
gene set analysis was conducted with the R package Piano [28] using the Stouffer method. The gene sets
were defined based on the Reactome pathway database [29], and gene sets smaller than 4 genes were
excluded from the analysis. The data discussed in this publication have been deposited in NCBI's Gene
Expression Omnibus [24, 25]and are accessible through GEO Series accession number GSE160802. Gene
sets were considered significantly enriched based on having a Benjamini-Hochberg corrected p-value

less than 0.01.
2.10 Light Sheet Microscopy

Twenty four hours following IP-dosing, animals in cohort G were anesthetized with a mixture of
Hypnorm (Glostrup Pharmacy, Denmark) and Dormicum (Hameln Pharma, Germany) and then perfused
with heparinized (15,000 1U/L) PBS followed by 10% neutral buffered formalin (NBF). Brains were then

removed, post-fixed overnight at room temperature in NBF, washed in PBS, methanol dehydrated (20%,
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40%, 60%, 80% and 100%, 1h each at room temperature), and stored in 100% methanol until whole
brain immunohistochemistry, which was accomplished with a modified version of the iDISCO protocol
[30]. Permeabilization was carried out at 37°C for 3 days, blocking at 37°C for 2 days and antibody
labelling with primary anti-cFOS antibody (Cell Signaling Technology, US; cat no #2250;
RRID:AB_2247211) at 37°C for 7 days. Samples were washed and incubated with secondary antibody
(donkey-anti-Rb_Cy-5, Jackson ImmunoResearch, UK; cat no #711-175-152; RRID:AB_2340607) at 37°C
for 7 days. Brains were then dehydrated in methanol/water series and cleared using 66%
dichloromethane/33% methanol for 3h, then 100% dichloromethane 2 x 15 min, and finally transferred

to dibenzyl ether in closed glass vials.

Brains were imaged using a Lavision light sheet ultramicroscope Il (Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany)) with Zyla 4.2P-CL10 sCMOS camera (Andor Technology, Belfast, United Kingdom),
SuperK EXTREME supercontinuum white-light laser EXR-15 (NKT photonics, Birkergd, Denmark) and MV
PLAPO 2XC (Olympus, Tokyo, Japan) objective. The brain was attached to transparent sample holder
made of silicone with neutral silicone gel (ventral side up) and imaged in a chamber filled with DBE.
Imspector microscope controller software (v7) was used (Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany). Horizontal images were acquired at 0.63x magnification (1.2x total magnification) with an
exposure time of 254 ms in a z-stack at 10 um intervals. Horizontal focusing was captured in 9 planes
with blending mode set to the center of the image to merge the individual raw images.
Autofluorescence images were captured at 560 + 20 nm (excitation) and 650 * 25 nm (emission)
wavelength (80% laser power in Imspector software, 100% NKT laser). cFOS staining was imaged at 630
+ 15 nm excitation wavelength and 680 £ 15 nm emission wavelength (100% laser power in software,

100% mechanical). Samples were scanned in random order using identical settings.

Images were reconstructed to create a 3-D image of the entire brain and aligned to Allen’s CCFv3 brain
atlas [31]. To determine the difference in cFOS positive cells between light sheet microscopy samples, a
negative binomial generalized linear model was fitted to the data. Deviance residuals of the statistical
model were investigated to ensure alignment with assumptions of normality and homoscedasticity.
Cook’s distance was calculated for each data point to ensure that no data point overly influenced the

model.

2.11 Statistics
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Data normality was determined by the D’Agostino and Pearson Test. Parametric data were analysed by
Student’s t-test for 2 groups, or one or two-way ANOVA followed by Tukey’s or Sidak’s post-hoc test for
> 2 groups. Non-parametric data were analysed by Mann-Whitney test for 2 groups, or Kruskal-Wallis
test followed by Dunn’s post-hoc test for > 2 groups. Data are presented as mean * SE of at least 3
biological replicates (with the exception of Figure 6F, WT, GLP-1 where only N=2 was available due to
technical error). All data were analysed using GraphPad Prism 7.02 (GraphPad, San Diego, CA).
Statistical significance was set at p < 0.05. Indirect calorimetry data were analysed by CalR [31, 32] using

a general linear model based on ANCOVA.

3. Results

3.1 Fc-PYY;.36and Fc-GLP-1 generation

Recombinant IgG1 Fc was generated with a cysteine substitution at position 442 (442C) of the CH3
domain using standard DNA recombinant technologies [12] and expressed in CHO cells (Supplementary
Figure 1A). The Synthetic Y2R-selective peptide was prepared by automated solid-phase synthesis with a
with a maleimide functional group at Lysine 11 (Supplementary Figure 1B). Following reduction and
oxidation, the maleimide-functionalized PYY; 3¢ was site specifically conjugated to the Fc molecule at
position 442C to yield Fc-PYY; 36 (Supplementary Figure 1C). Further detail is provided in the methods
section. The Fc-GLP-1R agonist was an internally generated (AstraZeneca, Gaithersburg, MD) version of
Dulaglutide 1gG4 Fc and was purified as per Fc-PYY;_36. Stable Chinese hamster ovary (CHO) cell lines
overexpressing human or mouse GLP-1R or Y2R were used for assessment of half-maximal agonist
potency (ECsp) for inducing cAMP production (Supplementary figure 1D, 1E). Fc-GLP-1 showed EC5y 12.8
+2.0 pM and 41.3 £ 6.0 pM and Fc-PYY3-36 EC5p 1.3 £ 0.3 pM and 2.8 pM in human and mouse,
respectively. Fc-PYY3.35 was highly specific to Y2R over Y1R, Y4R and Y5R by at least 10,000-fold (data not

shown).

3.2 Fc-PYY3.3 promotes diabetes remission in combination with Fc-GLP-1 in C57BLKS/J db/db mice

Eight-week old C57BLKS/J db/db mice were treated with Fc-PYY3.56, Fc-GLP-1, or Fc-PYY; 55+ Fc-GLP-1 for
4 weeks. We selected sub-maximal doses when administered as monotherapies (Fc-PYY;.35 1 mg/kg and
Fc-GLP-1 0.15 mg/kg) to maximize the window of opportunity to observe the synergistic potential of
combination treatment. Body weights were unchanged between monotherapy and vehicle-treated
animals but were significantly reduced by 7% in Fc-PYY3.35+ Fc-GLP-1 versus vehicle-treated mice (Figure

1A, 1B). Vehicle-treated animals displayed an ~4-point increase in %HbAlc which was significantly
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mitigated by both monotherapy treatments, while Fc-PYY;3 3 + Fc-GLP-1 treatment led to a 0.7-point
reduction in %HbA1c over the study period, that amounted to an ~5-point decrease in %HbA1c relative
to the vehicle control (Figure 1C). At week 3 of treatment, glucose tolerance was unchanged with either
monotherapy treatment, but was significantly improved in the Fc-PYY335 + Fc-GLP-1 combination group
(Figure 1D) amounting to a 33% reduction in glucose AUC (Figure 1E). Fasting plasma blood glucose was
not different after Fc-PYY;35 or Fc-GLP-1 treatment versus vehicle (control), however the combination of
Fc-PYY3.36 + Fc-GLP-1 significantly reduced plasma glucose by ~66% (Figure 1F). The decreased fasting
plasma glucose levels were paralleled by corresponding increases in fasting insulin levels, for both Fc-
GLP-1 and Fc-PYY3.35+ Fc-GLP-1 (Figure 1G). Pancreatic insulin content was unchanged at termination by
monotherapy treatment but was strongly increased by Fc-PYY;.3¢ + Fc-GLP-1 combination treatment by
over 8-fold (Figure 1H), implicating possible enhanced B-cell function and/or mass as a contributor to

the synergistic improvement in metabolic homeostasis induced by peptide co-administration.

As such, primary pancreatic islets were isolated from vehicle and Fc-PYY;.35 + Fc-GLP-1 treated animals.
Islets were subjected to dynamic perifusion with 2.8 mM glucose (basal) for 40 min followed by 16.7
mM glucose (stimulatory) for 50 min (Figure 2A). Islets from combination-treated animals displayed >6-
fold increase in first phase insulin secretion, and >7-fold increase in second phase insulin secretion,
implicating a marked recovery in B-cell insulin secretory capacity (Figure 2B). Expression of key genes
related to B-cell function, including Ins1, Ins2, Gck, Slca2a, Pdx1, and Mafa were all significantly
increased in islets from combination-treated versus vehicle-treated mice (Figure 2C). Electron
micrograph analysis of B-cells from vehicle-treated mice indicate a dramatic decrease of the mature
insulin secretory granule population and expansion of the rough endoplasmic reticulum/Golgi apparatus
compartments (Figure 2D), while Fc-PYY;.3 + Fc-GLP-1-treated animals exhibited a recovery of insulin
secretory granule numbers and normalized morphology of other organelles (Figure 2E). This is
consistent with previous studies of physiological and pharmacological restoration of B-cell function [17,
18, 20]. Image quantification indicated the number of mature insulin secretory granules per B-cell
cytoplasmic area was increased by over 5-fold in Fc-PYY33 + Fc-GLP-1-treated animals (Figure 2F),
paralleling the enhancement in total pancreatic insulin content. The population of immature insulin
secretory granules was also reduced by Fc-PYY; 3¢+ Fc-GLP-1, supporting improved functional capacity in
these treated islet B-cells (Figure 2G). Additional representative electron micrographs are also shown
(Supplementary Figure 2), as further evidence of the adaptive plasticity of pancreatic B-cells and

restoration of the mature insulin secretory granule store by Fc-PYY;3 + Fc-GLP-1-treatment.
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Morphometric analysis of insulin and glucagon immunohistochemical co-stained sections indicated
unaltered pancreatic a-cell mass but an apparent increase in pancreatic B-cell mass, as assessed by
insulin positive staining, in Fc-PYY; 35 + Fc-GLP-1-treated animals (Figure 2H). Representative images of
pancreatic islets (Supplementary Figure 3), indicate little change in B-cell proliferation as previously
observed (Boland et al, 2019b), and more intensive insulin and MafA staining complementary to
increased pancreatic islet insulin content (Figures 2H and 2D-G) and MafA gene expression (Figure 2C).
To exclude a direct effect of Fc-PYY3_35 on islets, overnight cultured primary islets from naive C57BL6/)
mice were subjected to perifusion at basal (2.8 mM) and stimulatory (16.7 mM) glucose in the presence
of Fc-GLP-1 (100 nM), Fc-PYYs3s (1 pM) or the combination (Figure 2I). As expected, Fc-GLP-1
potentiated glucose-stimulated insulin secretion, however Fc-PYY; 3 had no effect alone and did not

enhance the Fc-GLP-1 response (Figure 2J).

3.3 Fc-PYY;.36+ Fc-GLP-1 does not affect RER but reduces total activity and VO,

To identify physiological changes that could account for the weight loss and improvements in glucose
homeostasis induced by Fc-PYY;.35+ Fc-GLP-1 combination treatment, indirect calorimetry assessment of
C57BLKS/J db/db mice treated with vehicle, Fc-PYY;.55 + Fc-GLP-1, or vehicle and weight-matched (WM)
to Fc-PYY;.36 + Fc-GLP-1-treated mice via food restriction was conducted. Vehicle-treated mice gained
weight throughout the study period, while both Fc-PYY;3 + Fc-GLP-treated and WM controls lost
approximately 15% of body weight at the time of indirect calorimetry (Figure 3A, 3B). VO, was reduced
in Fc-PYY;.35 + Fc-GLP-1-treated and WM animals relative to the controls during both light and dark
phases, but this effect was more pronounced during dark phase in WM mice (Figure 3C, 3D). The
respiratory exchange ratio (RER) was reduced in WM animals but increased by Fc-PYY;.3 + Fc-GLP-1
treatment during dark phase (Figure 3E). Energy expenditure was reduced in both Fc-PYY;.35+ Fc-GLP-1-
treated and WM animals compared to db/db but energy expenditure was increased in Fc-PYY;.35 + Fc-
GLP-1-treated animals compared to WM animals (Figure 3F). Total physical activity was decreased
during both light and dark phases in Fc-PYY;.3¢ + Fc-GLP-1-treated animals but only during the dark phase
in WM controls (Figure 3G). Common side effects of GLP-1 and Fc-PYY;.3 agonism include nausea
(Bettge 2017) and emesis [33], respectively. Therefore, we assessed the potential for an aversive
response to Fc-GLP-1, Fc-PYY;35 and the combination in naive lean C57BL6/J mice using a conditioned
saccharin preference test. All animals demonstrated similar saccharin intake prior to dosing
(Supplementary Figure 4A), and all compounds induced weight loss following acute administration

(Supplementary Figure 4B, 4C). Over a 24 h period following compound administration (72-96 h post-
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dose), total fluid intake was significantly reduced in groups receiving cisplatin (positive control) and Fc-
GLP-1 (Supplementary Figure 4D). Water intake was significantly increased in all treatment groups
(Supplementary Figure 4E). Saccharin intake, saccharin preference and the consumed saccharin to
water ratio were all significantly reduced by cisplatin and Fc-PYY;35 + Fc-GLP-1 (Supplementary Figure
4F, 4G, 4H). These data indicate that the combination of Fc-PYY;.35 + Fc-GLP-1 induces a greater degree

of aversive behaviour than either monotherapy.

3.4 Fc-PYY;.35 + Fc-GLP-1 improves insulin sensitivity and hepatic glycogen synthesis independent of

weight loss in C57BLKS/J db/db mice

To explore weight-independent mechanisms of Fc-PYYs3s + Fc-GLP-1 on insulin action, a
hyperinsulinemic-euglycemic clamp in severely insulin resistant obese/diabetic C57BLKS/) db/db mice
treated with vehicle or Fc-PYY3 3 + Fc-GLP-1 for 2 weeks was performed. Control groups consisted of
C57BLKS/J db/db mice weight matched (WM) to the Fc-PYY;.55+ Fc-GLP-1 group and lean C57BLKS/) db/+
mice. Db/+ mice were much lighter than their db/db counterparts with Fc-PYY;3 + Fc-GLP-1
administration inducing a 14% body weight reduction over the 2-week period, and WM-controls
exhibited similar reductions (Figure 4A, Supplementary Figure 5A). In consideration of divergent starting
blood glucose concentrations (121 mg/dL in C57BLKS/J db/+ mice versus 404 mg/dL in C57BLKS/J db/db
mice in the basal period t=-10 to 0 min; Figure 4B; Supplementary Figure 5B), glucose levels were
clamped at 200 mg/dL with glucose stabilized between groups by 60 min of clamp (Figure 4B). Fc-PYY;.36
+ Fc-GLP-1 led to ~20-fold increase in the glucose-infusion rate (GIR) versus vehicle db/db animals,
which was significantly higher than WM controls, indicating weight loss-independent effects of Fc-PYY3.34
+ Fc-GLP-1 on enhanced insulin sensitivity (Figure 4C), although the possibility of an altered weight-
dependence to insulin sensitivity cannot be ruled out. Basal insulin levels were elevated in db/db mice
compared to db/+ and reduced by Fc-PYY; 35 + Fc-GLP-1-treated animals compared with WM controls
(Figure 4D). During insulin-infusion (i.e. clamp) period insulin levels were not different between groups
(Figure 4D). Using tracer approaches, we assessed the impact on hepatic and extrahepatic glucose
metabolism. Basal whole-body glucose disposal (Rd; Figure 4E) and hepatic glucose production (Ra;
Figure 4F) were both significantly reduced by Fc-PYY; 35+ Fc-GLP-1 treatment compared with vehicle and
is reflective of reduced basal whole-body glucose turnover contributing to the decrease in basal glucose
levels (Figure 4B and Supplementary Figure 5B). Under insulin-stimulated conditions, Rd was strongly
increased in db/+ mice compared to db/db vehicle. Both WM and Fc-PYY;.55 + Fc-GLP-1 groups increase

Rd compared to vehicle-treated animals and Fc-PYY3.35 + Fc-GLP-1 was further enhance compared with
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WM consistent with the observed increase in glucose infusion rate (Figure 4E). Fc-PYY;33 + Fc-GLP-1
treatment shifted the relationship observed between Rd and circulating insulin levels to the left (i.e.
increased insulin sensitivity) toward that seen in lean controls, but was not seen in the WM group
(Supplementary Figure 5C). During the clamp period insulin trended to suppressed endogenous glucose
production (EGP) more so with Fc-PYY3 3 + Fc-GLP-1 treatment as compared with WM and vehicle-
treated animals (p=0.08; Figure 4F) despite similar insulin levels (Supplementary Figure 5D). To
determine the site for the enhancement in peripheral glucose disposal we assessed tissue specific
glucose uptake (Rg). Tissue-specific glucose uptake was enhanced in all db/+ tissues evaluated compared
with db/db vehicle (Figure 4G, H). Fc-PYYs;3 + Fc-GLP-1 treatment enhanced skeletal muscle
(gastrocnemius, vastus and soleus) and cardiac glucose uptake to levels compared with db/db vehicle
and WM mice (Figure 4G, 5H). WM mice demonstrated increased brown adipose tissue glucose uptake
compared with vehicle only (Figure 4H). As the clamps were performed at a mild hyperglycemia (200
mg/dl), which could augment hepatic glycogen synthesis; we assessed the core glycogen stores as well
as tracer-determined (direct) glycogen synthesis. Core hepatic glycogen was increased in db/db vehicle
compared to lean db/+ mice, which is consistent with their basal hyperglycemia and trended towards
being reduced by WM (p=0.056; Figure 4l). Fc-PYY;3 + Fc-GLP-1 dramatically increased insulin
stimulated hepatic glycogen synthesis (Figure 4J). In contrast with the liver, core and insulin-stimulated
skeletal muscle glycogen synthesis were significantly reduced in db/db mice compared with db/+ and

were not increased by Fc-PYY; 35+ Fc-GLP-1 combination or WM (Figure 4K, 4L).

3.5 Fc-PYY;.35+ Fc-GLP-1 enhancement of hepatic glycogen synthesis, but not skeletal muscle glucose

uptake, requires Y2R agonism in diet-induced obese (DIO) mice

To better characterize the contribution of the GLP-1R to Fc-PYYs;3 + Fc-GLP-1 pharmacology,
hyperinsulinemic-euglycemic clamps were performed in DIO WT and Y2RKO mice to examine the
impact of Fc-PYY3.3 + Fc-GLP-1 dual agonism on insulin action. Body weight loss and reduced fasting
glucose induced by Fc-PYY;.35 + Fc-GLP-1 dual agonism was blunted in Y2RKO versus WT mice (14% vs
32%, body weight respectively) (Figure 5A, Supplementary Figure 6A). Fasting glucose was reduced by
Fc-PYY;.36+ Fc-GLP-1 in both WT and Y2RKO with a significantly greater magnitude in WT mice (Figure 5B
and Supplementary 6B). Glucose was clamped at 110 mg/dL and was stabilized between groups by 30
min of insulin infusion (Figure 5B). GIR was significantly increased by Fc-PYY3 35 + Fc-GLP-1 dual agonism
in both genotypes compared with their respective vehicle groups and was further increased in in WT Fc-

PYY;.35+ Fc-GLP-1 vs. Y2RKO Fc-PYY; 36+ Fc-GLP-1 mice from 80-110 min (Figure 5C). Basal insulin levels
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were significantly decreased by Fc-PYY3 3¢ + Fc-GLP-1 dual agonism WT and Y2RKO mice compared with
their respective vehicle controls (Figure 5D). Under clamp conditions, WT mice administered the Fc-
PYY;3 + Fc-GLP-1 combination demonstrated significantly reduced insulin levels compared to the WT
vehicle (Figure 5D), despite equal concentration of insulin infusion. A minor limitation of this experiment
is the absence of C-peptide analysis to better elucidate the contribution of endogenous insulin secretion
vs. insulin clearance in this effect. Basal whole-body glucose disposal was not different between groups,
but was significantly and similarly increased in both WT and Y2RKO mice administered Fc-PYY;.3¢ + Fc-
GLP-1 combination (Figure 5E), with a clear relationship between circulating insulin levels and whole-
body glucose disposal was observed (Supplementary Figure 6C). These data indicate that the presence
of Y2R signalling played a minor role in the insulin sensitizing effects of Fc-PYY;35 + Fc-GLP-1 dual
agonism and GLP-1R signalling was sufficient to maximize the insulin sensitizing effect. Basal hepatic
glucose production (Ra) was not different between groups (Figure 5F). During the clamp, hepatic glucose
production was equally supressed in WT mice regardless of treatment (Figure 5F). However, Ra was
elevated in Y2RKO vehicle compared with WT vehicle, and this was significantly reduced Fc-PYY; 3¢+ Fc-
GLP-1 treatment in Y2RKO mice (Figure 5F). The suppression of hepatic glucose production during clamp
conditions in Fc-PYY;.35 + Fc-GLP-1 treated mice showed an improved relationship with circulating insulin
levels by a shift of the curve to the left and steeper slope suggesting improved hepatic insulin sensitivity
(Supplementary Figure 6D). Similar to the findings in C57BLKS/J db/db mice, there was a trend for a
treatment effect of Fc-PYY;3 + Fc-GLP-1 dual agonism to increase skeletal muscle (gastric and vastus)
glucose uptake, albeit not significant (Figure 5G). However, Fc-PYY3;3 + Fc-GLP-1 administration
significantly increased brown adipose tissue and decrease cardiac glucose uptake in WT mice (Figure
5H). Core hepatic glycogen levels were significantly increased in Y2RKO mice administered Fc-PYY; 3¢ +
Fc-GLP-1 compared with Y2RKO vehicle (Figure 5l1). Insulin-stimulated hepatic glycogen synthesis was
significantly increased in WT mice administered Fc-PYY3.35 + Fc-GLP-1 compared with WT vehicle (Figure
5J). Core skeletal muscle glycogen levels were significantly increased in Y2RKO versus WT mice when
both were administered Fc-PYY3 35+ Fc-GLP-1 (Figure 51), and skeletal muscle insulin-stimulated glycogen
synthesis was significantly increased in Y2RKO mice administered Fc-PYY;.35 + Fc-GLP-1 compared with

Y2RKO vehicle (Figure 5)).

3.6 Fc-PYY;.35 + Fc-GLP-1 activates discrete hypothalamic and brainstem nuclei following acute

administration
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This physiological data indicated that a putative mechanism for the metabolic effects of a Fc-PYY;.35+ Fc-
GLP-1 combination could be increased insulin sensitivity in liver and perhaps skeletal muscle. As neither
Glp1r nor Npy2r are expressed in these tissues (GEO datasets, NCBI), we excluded direct action in these
tissues as a mechanism for the efficacy of Fc-PYY;.35 + Fc-GLP-1 treatment. More likely, the role of the
central nervous system (CNS), particularly the hypothalamus, in regulating appetite, body weight,
energy expenditure, and metabolic homeostasis influences insulin sensitivity. As such, a qualitative
screen of cFOS activation (as a surrogate marker of neuronal activation) throughout the brain of lean
C57BL6/J mice 4 h following single administration of Fc-GLP-1, Fc-PYY336, or Fc-PYY;36 + Fc-GLP-1 was
conducted. Furthermore, to better define the contribution of Npy2r and Glp1r to the activation of cFOS
under the same treatments, we acutely dosed naive lean Y2RKO, and Y2RKO/GLP-1RKO double knockout
mice [16] and performed the same analysis (Figure 6 and Supplementary Figure 7). cFOS expression in
the central nucleus of the amygdala (CeA) was strongly induced by Fc-GLP-1, and loss of Y2R had no
effect on the magnitude of the cFOS response in either Fc-GLP-1 or Fc-PYY3 35 + Fc-GLP-1 administered
animals, indicating that the effect was solely dependent on the GLP-1R (Figure 6A). Somewhat
surprisingly, neither the arcuate nucleus (ARC) nor the ventromedial hypothalamic nucleus (VMH) were
activated by Fc-GLP-1 or Fc-PYY3.35 + Fc-GLP-1, which may be a consequence of assessing cFOS 4 h after
administration rather than an earlier timepoint (Figure 6B, 6C). The bed of the stria terminalis (BST) was
significantly activated by both Fc-GLP-1 and Fc-PYY3.36, but no additive effect of the combination was
observed (Figure 6D). Loss of Y2R blunted both Fc-GLP-1 and Fc-PYY;3;s-monotherapy mediated
activation, but the combination maintained a similar response as that observed in WT animals (Figure
6D). The parabrachial nucleus (PBN) tended to be activated by monotherapy administration of either Fc-
PYY;.36 or Fc-GLP-1, but was significantly increased by Fc-PYY;.35+ Fc-GLP-1 (p < 0.0001). Loss of Y2R did
not affect the magnitude of the cFOS response of Fc-GLP-1, alone or in combination with Fc-PYY; s,
indicating exclusive GLP-1R mediation of the observed effect (Figure 6E). While Fc-PYY3.35 alone had no
effect in the area postrema (AP), some interaction was observed when administered in combination
with Fc-GLP-1 (Figure 6F). Both the nucleus of the solitary tract (NTS) and the paraventricular nucleus of
the hypothalamus (PVN) demonstrated increased cFOS activation following either Fc-PYY;.35 or Fc-GLP-1
monotherapy administration, although this only achieved significance in the NTS following Fc-PYY3 34
monotherapy administration (Figure 6G, 6H). However, marked synergistic cFOS activation following Fc-
PYY;.35+ Fc-GLP-1 administration, which was strongly blunted in animals lacking Y2R, was evident in both
the NTS and PVN, implicating both the hindbrain and the hypothalamus as putative mediators of the

early synergistic action of Fc-PYY3.35+ Fc-GLP-1 (Figure 6G, 6H).
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To further characterize the early transcriptomic changes induced by Fc-PYY3.35 + Fc-GLP-1 co-agonism,
we utilized laser capture microdissection to isolate the NTS, ARC, and PVN from lean C57BL6/J mice 4 h
following compound co-administration and performed RNA sequencing. Principal component analysis
(PCA) revealed segregation by brain region but not co-agonist administration (Supplementary Figure
8A). Fc-PYY;3.36 + Fc-GLP-1 co-administration led predominantly to down-regulation of gene expression in
all regions, with the PVN showing the most abundant number of differentially up- and down-regulated
genes versus the ARC and NTS (Supplementary Figure 8B). Reactome database analysis revealed
significant regulation by Fc-PYY; 35 + Fc-GLP-1 combination in the NTS of several potential metabolic and
signalling pathways (Supplementary Figure 8C), but the ARC did not demonstrate any significantly
regulated gene sets at the cut-off of p < 0.01. From this analysis, we provide the relative gene
expression levels (z-scores) of significantly up- or down-regulated genes (Supplementary Figure 8D).
Numerous genes related to energy metabolism and growth, including Fox01, Btg2, Socs3, and Sdc4,
were found to be highly regulated in the PVN, as well as genes associated with neuronal plasticity and

development, including Sdc4, Hs3st1, and Hs3st2.

As the early (4 h) synergistic activation of appetite-regulating neurons in the hypothalamus and
hindbrain likely initiates the cascade of pro-metabolic effects exerted by Fc-PYY3;3 + Fc-GLP-1
combination, we next examined global cFOS reactivity 24 h following acute monotherapy and co-agonist
administration to better indicate downstream neuronal activity and to identify a putative functional link
between neuronal activation and physiological effects of Fc-PYY;3 + Fc-GLP-1 co-administration.
Fluorescent light sheet microscopy analysis of whole-brains from lean C57BL6/J mice 24 h following Fc-
PYY;35, Fc-GLP-1, or Fc-PYYs35 + Fc-GLP-1 combination revealed that most of the hypothalamic and
hindbrain areas of the brain that were significantly activated at 4 h by co-agonist administration were
largely unaffected at 24 h. Both the CeA and PBN showed significantly increased cFOS reactivity
following Fc-PYY336 + Fc-GLP-1 co-administration, although the magnitude of activation was markedly
reduced versus that observed at 4 h (Figure 7A, 7E). The ARC was not significantly activated, although a
clear trend towards increased cFOS reactivity due to Fc-GLP-1 was present (Figure 7B). Similarly, the
BST, AP and PVN were not significantly activated by a Fc-PYY335 + Fc-GLP-1 combination, although a
trend towards activation by Fc-GLP-1 in the AP and BST was observed (Figure 7D, 7F, 7H). Interestingly,
the dorsal motor nucleus of the vagus nerve (DMX), which resides in the medulla and is an area of the
brain that was seemingly unaffected, and therefore not quantified at 4 h, was the most markedly

activated region 24 h post Fc-PYY3;3 + Fc-GLP-1 co-agonist administration (Figure 7C). The clear
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synergistic activation of cFOS in the NTS by Fc-PYY;. 35 + Fc-GLP-1 combination observed at 4 h remained
present at 24 h (Figure 7G). Representative coronal sections from selected brain areas are provided in
Figure 71, and a list of the top 15 most activated brain regions by Fc-PYY3 3¢+ Fc-GLP-1 co-administration
is provided in Supplementary Table 1. Collectively, these data indicate that, at least in part, synergistic
action of Fc-PYY;.36 + Fc-GLP-1 combination is mediated by acute activation of neuronal circuitry in the
CeA, PBN and NTS that is sustained up to 24 hours post-administration specifically in the NTS region of

the brain stem.
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4. Discussion

The growing global burden of obesity and its associated comorbidities, including type 2 diabetes (T2D),
has necessitated development of multifaceted therapeutics that not only address glucose control and
weight loss, but also significantly delay the onset of comorbidities such as cardiovascular and renal
complications, as well as reduce the risk of several cancers [34-37]. The observation that GLP-1 and PYY;.
35 peptides, co-secreted from intestinal L-cells [38-40], are acutely increased after bariatric-surgery and
may act as effectors for reversal of type 2 diabetes independent of weight loss have led to numerous
investigations into the utility of GLP-1/PYY;.3, combination therapy in obesity and diabetes [34, 35].
Indeed, several PYY; 3 analogues and Y2 receptor agonists are currently being developed in combination
with GLP-1 analogues for this indication [33, 41, 42], and a therapeutic combination of GLP-1 and PYY; .
has demonstrated synergistic effects on energy intake in humans [11, 43, 44]. However, although clear
effects on energy intake and weight loss have also been observed preclinically in rodents, the
mechanism(s) underlying the efficacy of combining these gut-peptides has been largely unexplored [38-

40].

Here, we demonstrate impressive synergistic pharmacological effects of long-acting GLP-1 and PYY; 35 on
body weight loss, glucose control, restoration of B-cell function and remission of diabetes in the
C57BLKS/J db/db mouse model of profound obesity with severe diabetes [18, 20, 45]. Moreover, in a
moderate model of obesity/diabetes, the DIO C57BL6/J mice, hyperinsulinemic-euglycemic clamp
studies revealed Fc-PYY3 35+ Fc-GLP-1 combination treatment improved insulin sensitivity as indicated by
reduced insulin levels during the clamp with no significant change in hepatic glucose production yet
increased glucose disposal in liver, BAT and potentially skeletal muscle. The insulin sensitization could
not be explained by the accompanying weight loss alone. This Fc-PYY;.3¢ + Fc-GLP-1 combination led to
activation of distinct brain regions related to appetite and energy homeostasis compared to
monotherapies, underlining that a coordinated central and peripheral action is likely required to be an

effective approach for treatment of obesity-linked T2D.

Considering quite inadequate B-cell adaptive compensation underlying severe type 2 diabetes in
C57BLKS/J db/db mice [18, 20, 45], the observations of normalized glycemia together with a marked
improvement in endogenous B-cell function with Fc-PYY3 35+ Fc-GLP-1 combination treatment versus Fc-
GLP-1 monotherapy were particularly impressive. There was an apparent increase in B-cell mass as well
as replenishment of insulin secretory granule insulin stores paralleling an increase in total pancreatic

insulin content. This restoration of endogenous insulin secretory capacity in turn led to a more effective
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biphasic glucose-stimulated insulin secretion. A cautionary note should be made about the measure of
B-cell mass, since insulin itself was used as a marker for this analysis. Indeed, we report a >5-fold
increase of insulin secretory granules with Fc-PYY;.3+ Fc-GLP-1 treatment (Figure 2D-F), . Therefore an
apparent expansion of B-cell mass could actually reflect B-cell functional adaptation in restoration of
insulin secretory stores rather than any increase in B-cell numbers per se as we have previously
indicated [16, 18, 20, 45]. There was no direct effect of Fc-PYY3_35 on insulin secretion ex vivo, thus in vivo
improvements in B-cell function by Fc-PYY3 36 in synergy with Fc-GLP-1 are likely driven by physiological
alterations rather than direct action of PYY; 3 on the B-cell itself. A consideration in these experiments is
the age of the animal, since our experiments were conducted in relatively young animals and may not
fully reflect a chronically acquired metabolic disease, like T2D. However, we did deliberately use KS
db/db mice that are B-cell deficient and not capable of sufficient compensatory B-cell mass expansion to
meet metabolic demand leading to earlier onset and more profound diabetes. A previous study
reported improved first-phase insulin secretion in overweight patients following co-administration of
PYY;3+ GLP-1, yet no additive or synergistic effect compared to GLP-1 alone [46, 47]. However, these
results were derived from acute exposure of these gut peptides at lower doses and not necessarily
comparable to the beneficial longer-term treatment using Fc-PYY;3 and Fc-GLP-1 which have longer
pharmacokinetics. Nonetheless, our data is indicative of enhanced B-cell functional recovery, that was
accompanied by increased expression of key genes related to normal B-cell function, in parallel to
improved insulin sensitivity and glucose homeostasis. Further mechanistic details of functional B-cell

recovery will need to be explored in future studies.

Preclinical rodent studies have demonstrated the weight-lowering potential of GLP-1/PYY;3 co-
administration [39], but any pharmacological effects of these combined peptides that are weight-loss
independent have not been elucidated. To this end, we performed experiments in C57BLKS/J db/db
mice receiving Fc-PYY;.3 + Fc-GLP-1 combination treatment and compared to untreated, but weight-
matched, animals. Fc-PYY;.35+ Fc-GLP-1 combination treatment increased 24h energy expenditure, VO,,
RER and a trend towards activity relative to weight match controls and restored the more normal
circadian pattern of energy expenditure relative to controls during the dark phase (Figure 3c-f).
Interestingly total activity was reduced in the light phase relative to weight matched controls. As such,
some metabolic parameters influenced by Fc-PYY;3s + Fc-GLP-1 are independent of weight-loss.
However, both GLP-1 and PYY;.3c are associated with nausea and emesis [47, 48] and consistent with
previous reports, we observed a taste aversive effect in monotherapy as well as combination therapy.

Of note, conditioned taste aversion to Fc-PYY3.3 + Fc-GLP-1 was comparable to the chemotherapeutic



O 00 N O U B W N P

[
= O

12
13
14
15
16
17
18
19
20
21
22
23
24

25
26
27
28
29
30
31

cisplatin, indicating aversive feeding behaviour may contribute to some of the pro-metabolic and body
weight loss effects Fc-PYY;3 + Fc-GLP-1, but the temporal relationship between dosing and the
pathways regulating food intake, body weight, and acute nausea remain to be clarified. As taste
aversion was observed with GLP-1 and PYY; 35 monotherapies, and more so with the Fc-PYY;.35+ Fc-GLP-
1 combination, in these preclinical studies at doses that correspond to significant metabolic benefit,
further analyses would likely be required to understand whether synergism on efficacy can be
uncoupled from tolerability concerns. Lower dose combinations of PYY;3;s and GLP-1 have been
successful in reducing aversive effects, and dose-titration strategies to mitigate such effects of these
incretin class of therapeutics may be applied [33, 43, 49]. Nonetheless, the data presented here suggest
that substrate utilization and activity are unlikely to explain all the metabolic benefits obtained with Fc-

PYY;.35+ Fc-GLP-1 combination treatment.

Whether improvement of glucose homeostasis is directly due to weight loss remains a fundamental
guestion in obesity treatment. Interestingly, in diabetic patients undergoing RYGB surgery, rapid
improvement in metabolic parameters such as blood glucose and insulin levels occur before any
significant weight loss is observed. This suggests that reversal of diabetes by bariatric surgery may be a
direct effect, rather than a secondary outcome of weight loss, that in part might be mediated by
increases in gut peptide hormone secretion soon after the surgery [50-52]. Here, hyperinsulinemic-
euglycemic clamp studies of Fc-PYY335 + Fc-GLP-1-treated C57BLKS/J db/db mice also demonstrated
improved metabolic benefit compared to commensurate weight loss control animals. Insulin sensitivity
during the clamp was significantly improved as evidenced by a 4-fold increase in glucose-infusion rates
in Fc-PYY3.3 + Fc-GLP-1 combination-treated C57BLKS/) db/db mice, versus weight-matched controls.
Both Fc-PYY; 3 and Fc-GLP-1 agonist arms contribute to the observed metabolic efficacy of the Fc-PYY; 36
+ Fc-GLP-1 combination treatment as evidenced by blunted reductions in weight loss and fasting plasma

glucose in DIO mice lacking Y2R.

The weight-independent effect of Fc-PYY;35 + Fc-GLP-1 dual agonism in C57BLKS/) db/db mice on
glucose homeostasis, was also observed as significantly increased insulin stimulated whole-body glucose
disposal and suppression of hepatic glucose production relative to weight-matched controls. These
improvements in systemic glucose disposal could be attributed to improved insulin sensitivity, leading to
enhanced hepatic, BAT, and a potential degree of skeletal muscle, glucose uptake. The fate of skeletal
muscle glucose may have been oxidization, since insulin-stimulated glycogen synthesis did not increase.

Yet, insulin stimulated hepatic glycogen synthesis was strongly stimulated by Fc-PYY33 + Fc-GLP-1
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combination in C57BLKS/J db/db mice, over 10-fold greater than weight-matched controls, implicating a
more predominant mechanism for the glucose disposing effects of Fc-PYY3.35 + Fc-GLP-1 combination
treatment, in line with improved hepatic insulin sensitivity. As neither Y2R nor GLP1R are expressed by
skeletal muscle or the liver [53, 54], the effect of Fc-PYY;.35 + Fc-GLP-1 combination on peripheral and
hepatic insulin sensitization must be secondary. The absence of Y2R did not influence whole body or
tissue specific glucose disposal in DIO mice receiving Fc-PYY3 3 + Fc-GLP-1 combination treatment,
although it did moderate liver-specific glycogen synthesis despite a clear relationship between whole
body glucose disposal, Y2R agonism, and plasma insulin levels during hyperinsulinemic-euglycemic
clamp conditions. However, these Y2RKO mouse studies were limited to much a milder and significantly
less insulin resistant DIO model compared to the more severely obese/diabetic C57BLKS/J db/db mouse

model.

Numerous studies have revealed how the brain can influence glucose homeostasis in response to
afferent input from peripheral signals [55-58]. The hypothalamus in particular has historically been
associated with regulation of both liver glycogen content and blood glucose [55]. Recent scientific
advances have begun to unravel the neurocircuitry involved in the regulation of blood glucose and
energy metabolism [59, 60], and the VMH, ARC, DMX, and PVN have all emerged as important metabolic
control centres of the CNS. GLP-1 is known to act through GLP-1R expressed on hypothalamic and vagal
sensory neurons and the central effects of endogenous brain GLP-1 are well characterized [61-63]. PYY;_
36 binds to NPY2R and also participates in the hypothalamic control of appetite [9, 64]. Given the
proposed mode of GLP-1 and PYY;.3 dual agonistic action through the hypothalamus, hindbrain and
vagus nerve to regulate energy homeostasis, we speculated whether their combined pharmacology
might be mediated through interaction between distinct neural pathways to account for their marked
synergistic effect on metabolic homeostasis. An important consideration of this study is the large size of
the Fc molecules and their lack of ability to penetrate the blood brain barrier. Therefore the neuronal
signal transduction observed likely originated in the hypothalamus and or brainstem in locations that
lack a blood brain barrier such as the area postrema and arcuate nucleus. The Fc-PYY;35 + Fc-GLP-1
combination-treatment resulted in robust neuronal activity, as indicated by cFOS activation, in the CeA,
NTS, AP, BST, PBN, and PVN regions 4 h post administration. Activation of these brain regions is
consistent with CNS modulation of energy homeostasis [44]. While activation of the AP/NTS then to the
PBN and CeA regions is a plausible neuronal pathway [44], the synergistic activation by the combination

of GLP-1R and Y2R agonism results in a much stronger activation in the PVN and NTS regions of the
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brain. Furthermore, gene expression analysis revealed a profound increase in the number of regulated
genes in the PVN versus the arcuate nucleus or nucleus of the solitary tract suggesting PVN is likely a key
early mediator in central activation of metabolic control. By utilizing Y2RKO models we were able to
further explore the role of individual receptors and found that synergistic induction of cFos activity in

PVN was Y2R-dependent.

Several brain regions showed sustained cFos expression 24 h after Fc-PYY;.35 + Fc-GLP-1 combination-
treatment demonstrating persistent activity. Notably, the DMX region showed 25-fold greater
activation 24 h following Fc-PYY;335 + Fc-GLP-1 co-administration relative to vehicle. The brainstem
dorsal vagal complex integrates hypothalamic inputs and relays endocrine signal to peripheral organs via
vagal efferent fibres resulting in suppression of energy intake and hepatic glucose output [65-67]. As
hypothalamic and peripheral Y2R activation decreases food intake by increasing vagal afferent activity,
and direct activation of dorsal vagal complex by PYY; 35 appears to increase food intake by attenuating
NTS and vagal afferent signalling [68], the mode of PYY; 35 action in the brain remains unclear. Most
evidence points towards an inhibitory role of PYY335in NTS and vagal afferent neurons and one possible
mechanism of PYY-GLP-1 synergy could be through disinhibition of GLP-1 induced neuronal activity [44],
although has yet to be validated experimentally. Additional studies are required to characterize specific
neuronal populations regulated by individual receptors to better understand the mechanism underlying
their synergistic effect. In this regard, it should be noted that aspects of this neuronal circuitry are not
only involved in food intake and control of metabolic homeostasis, but also in taste aversion. As such,
future studies should also attempt to tease out the aversive behaviour neuronal network. If this can be
separated from those that control satiety and metabolic control, then non-nauseating approaches to
treat obesity and T2D might be pursued. Nonetheless, these results indicate that early activation of the
PVN and subsequent downstream stimulation of the DMX may represent an initial central activation

signal preceding the synergistic homeostatic improvement induced by PYY;.35+ GLP-1 co-agonism.

5. Conclusions

In summary, a therapeutic approach using a combination of long acting Fc-PYY; 3¢ + Fc-GLP-1 analogues
rendered profound weight loss and diabetes remission in two distinct mouse models of obesity-linked
T2D, reminiscent of bariatric surgery. The synergistic action of PYY;3sand GLP-1 was recapitulated in the
brain via cFOS activation in discrete regions in the hypothalamus and hindbrain which may contribute to
the effects on appetite control and metabolic homeostasis. These results also emphasize the current

concept that in alleviating insulin resistance in obesity/T2D improves glucose homeostasis to place less
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demand on the pancreatic B-cell, and as such endogenous B-cell functional mass can be sufficiently

restored to benefit reversal of T2D progression.
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Figure Legends

Figure 1: Physiological parameters of male KS db/db mice administered Fc-PYY3.35 (1 mg/kg),
Fc-GLP-1 agonist (0.15 mg/kg) or Fc-PYY3.36/GLP-1 agonist combination (1 mg/kg/0.15 mg/kg).
A) Body weight profile of 8-week old animals during the 4-week treatment period. B) Change in
body mass following 4 weeks of treatment. N=20 for all groups. C) Change in %hbAlc following
4 weeks of treatment. N=8 for all groups D) 6-hour fasted ipGTT (2g/kg) and E) associated AUC
after 3 weeks of treatment. F) Fasting plasma glucose and G) fasting plasma insulin following 3
weeks of treatment. N=12 for all groups. H) Pancreatic insulin content at study termination.
N=4 for all groups. *p <0.05 vs Vehicle, **p <0.01 vs Vehicle, ***p < 0.001 vs Vehicle, ****p <
0.0001 vs Vehicle.

Figure 2: Effect of 4 week Fc-PYY3.36/GLP-1 (1 mg/kg/0.15 mg/kg) combination treatment on
B-cell function in KS db/db mice. A) Perifusion of freshly isolated islets and B) 1% and 2" phase
perifusion AUC. N=4-5. C) Freshly isolated islet RT-qPCR for Ins1, Ins2, Gck, Slca2a, Pdx1, and
Mafa. Rnas18s used as housekeeping. Data presented as relative expression versus vehicle.
N=5-6. D) Representative transmission electron micrograph of islets isolated from Vehicle and E)
combination-treated animals. F) Quantification of mature insulin granule area and G) immature
insulin granule area per total cytoplasmic area. N=3-4 from >10 representative electron
micrographs. H) B/a-cell mass from insulin/glucagon dual-stained immunohistochemistry
sections. N=3-4. |) Effect of Fc-PYY3.36, Fc-GLP-1, and the combination on overnight cultured
C57BL/6J islet insulin secretion and the J) associated insulin AUC. N>3. ***p < 0.001 vs Vehicle,
**%%p <0.0001 vs Vehicle.

Figure 3: Effect of 2 week Fc-PYY3-36/GLP-1 (1 mg/kg/0.15 mg/kg) treatment on energy
expenditure in KS db/db mice. A) Body weight profile of study animals and B) the percent
change in body weight during the 2-week treatment period. N=8 for all groups. Dashed line
indicates beginning of acclimation to indirect calorimetry cages. Indirect calorimetry recording
began on day 14. *p <0.05 db/db vs db/db Fc-PYY3-36/GLP-1, #p < 0.05 db/db vs db/db WM. C)
real-time vO2 and D) vO2 from 48-hr light (24 hr) and dark (24 hr) periods. E) RER, F) regression
plot of energy expenditure as a function of body weight and G) total activity from 48-hr light (24
hr) and dark (24 hr) periods. N=8 for all groups. **p <0.01 vs Vehicle, ***p < 0.001 vs Vehicle,
****p <0.0001 vs Vehicle. Asterisks above a line indicate significance between groups.

Figure 4: Hyperinsulinemic/euglycemic clamp following 2 week Fc-PYY3.36/GLP-1 (1
mg/kg/0.15 mg/kg) treatment in KS db/db mice. A) Body weight profile of study animals. B)
Plasma glucose levels during the clamp. C) Glucose infusion rate required to maintain
euglycemia (200 mg/dL) during the clamp. *p < 0.05 db/db vs db/db Fc-PYY3.3/GLP-1, #p < 0.05
db/db vs db/db WM. D) Basal and insulin-stimulated plasma insulin levels. E) Basal and insulin-
stimulated peripheral glucose disposal (Rd). F) Basal and insulin-stimulated endogenous glucose
production (Rg). G) Tissue-specific insulin-stimulated glucose disposal for gastrocnemius, vastus
lateralis, soleus, perigonadal and subcutaneous adipose tissue and H) heart, brown adipose
tissue and brain. 1) Core liver glycogen. J) Direct liver glycogen synthesis. K) Core muscle
glycogen. L) Direct muscle glycogen synthesis. N=5-10. #p < 0.05, ##p < 0.01, ###p < 0.001,
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#itttp < 0.0001 vs db/+ . *p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001 vs db/db vehicle.
Ap £0.05, Mp £0.01, MAp <0.001, AA7Np £0.0001, Fc-PYY3.3¢/GLP-1 vs WM. For (A-C) Sidak’s
multiple comparisons test db/+ vs db/db to determine effect of genotype. One-way ANOVA
with repeated measured followed by Tukey’s multiple comparisons test with db/+ excluded to
determine effect of treatment. For (D-L) unpaired t-test db/+ vs db/db to determine effect of
genotype. One-way ANOVA followed by Tukey’s multiple comparisons test with db/+ excluded
to determine effect of treatment.

Figure 5: Hyperinsulinemic/euglycemic clamp following 2 week Fc-PYY5.36/GLP-1 (1
mg/kg/0.15 mg/kg) treatment in DIO WT and Y2RKO mice. A) Body weight profile of study
animals. B) Plasma glucose levels during the clamp. C) Glucose infusion rate required to
maintain euglycemia (110 mg/dL) during the clamp. *p <0.05 WT Vehicle vs WT Fc-PYY3 3¢/GLP-
1, #p < 0.05 WT Vehicle vs Y2RKO Fc-PYY3.3¢/GLP-1. D) Basal and insulin-stimulated plasma
insulin levels. E) Basal and insulin-stimulated peripheral glucose disposal (Rd). F) Basal and
insulin-stimulated endogenous glucose production (Rg). G) Tissue-specific insulin-stimulated
glucose disposal for gastrocnemius, vastus lateralis, soleus, perigonadal and subcutaneous
adipose tissue and H) heart, brown adipose tissue and brain. I) Core liver glycogen. J) Direct
liver glycogen synthesis. K) Core muscle glycogen. L) Direct muscle glycogen synthesis. N=5-10.
*p <0.05, **p <0.01, ***p <0.001, ****p < 0.0001, vs vehicle within genotype. #p < 0.05, ##p
< 0.01, ####p < 0.0001 WT vs Y2RKO within treatment. For (A-C) two-way ANOVA with
repeated measures followed by Tukey’s multiple comparisons test. For (D-L) two-way ANOVA
followed by Sidak’s multiple comparisons test.

Figure 6: Quantitation of cFOS-positive cells in selected brain regions of lean WT, Y2RKO, and
Y2RKO/GLP1RKO mice 4 hours following IP-administered Fc-PYY;.35 (1.0 mg/kg), Fc-GLP-1
(0.15 mg/kg) or Fc-PYY3.36/GLP-1 (1.0 mg/kg / 0.15 mg/kg) combination. The average stained
number of cFOS positive cells in the A) central nucleus of the amygdyla (CeA), B) arcuate
nucleus (ARC), C) ventromedial hypothalamic nucleus (VMH), D) bed of the stria terminalus
(BST), E) parabrachial nucleus (PBN), F) area postrema (AP), G) nucleus of the solitary tract
(NTS), and H) paraventricular hypothalamic nucleus (PVN) are shown. *p < 0.05 vs Vehicle,
same genotype #p < vs WT, same treatment. N=2-5.

Figure 7: Whole brain cFOS quantitation of selected brain regions 24 hours following IP-
administered Fc-PYY3.36 (1.0 mg/kg), Fc-GLP-1 (0.5 mg/kg) or Fc-PYY3.3/GLP-1 (1.0 mg/kg / 0.5
mg/kg) combination in lean C57BL6J mice. Total number of cFOS positive cells in the A)
arcuate nucleus (ARC), B) paraventricular nucleus (PVN), C) area postrema (AP), D) bed of the
stria terminalus (BST), E) central nucleus of the amygdyla (CeA), F) parabrachial nucleus (PBN),
G) nucleus of the solitary tract (NTS), H) dorsal motor nucleus of the vagal nerve (DMX) as
assessed by light sheet fluorescent microscopy. 1) Selected coronal sections from group
averaged brains (scale bar =1 mm). Brain regions delineated by dashed outline.
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Figure 1: Physiological parameters of male KS db/db mice administered Fc-PYY; 5 (1 mg/kg), Fc-GLP-1 agonist
(0.15 mg/kg) or Fc-PYY, ;./GLP-1 agonist combination (1 mg/kg/0.15 mg/kg). A) Body weight profile of 8-week old
animals during the 4-week treatment period. B) Change in body mass following 4 weeks of treatment. N=20 for all
groups. C) Change in %hbAlc following 4 weeks of treatment. N=8 for all groups D) 6-hour fasted ipGTT (2g/kg)
and E) associated AUC after 3 weeks of treatment. F) Fasting plasma glucose and G) fasting plasma insulin following
3 weeks of treatment. N=12 for all groups. H) Pancreatic insulin content at study termination. N=4 for all groups. *p
<0.05 vs Vehicle, **p < 0.01 vs Vehicle, ***p < 0.001 vs Vehicle, ****p < 0.0001 vs Vehicle.
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Figure 2: Effect of 4 week Fc-PYY; ;,/GLP-1 (1 mg/kg/0.15 mg/kg) combination treatment on B-cell function
in KS db/db mice. A) Perifusion of freshly isolated islets and B) 15t and 2" phase perifusion AUC. N=4-5. C)
Freshly isolated islet RT-qPCR for Ins1, Ins2, Gck, Slca2a, Pdx1, and Mafa. Rnas18s used as housekeeping. Data
presented as relative expression versus vehicle. N=5-6. D) Representative scanning electron micrograph of
islets isolated from Vehicle and E) combination-treated animals. F) Quantification of mature insulin granule
area and G) immature insulin granule area per total cytoplasmic area. N=3-4 from >10 representative electron
micrographs. H) B/a-cell mass from insulin/glucagon dual-stained immunohistochemistry sections. N=3-4. 1)
Effect of Fc-PYY, 5, Fc-GLP-1, and the combination on overnight cultured C57BL/6)J islet insulin secretion and
the J) associated insulin AUC. N23. ***p < 0.001 vs Vehicle, ****p < 0.0001 vs Vehicle.
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Figure 3: Effect of 2 week Fc-PYY; ;,/GLP-1 (1 mg/kg/0.15 mg/kg) treatment on energy expenditure in KS
db/db mice. A) Body weight profile of study animals and B) the percent change in body weight during the 2-
week treatment period. N=8 for all groups. Dashed line indicates beginning of acclimation to indirect
calorimetry cages. Indirect calorimetry recording began on day 14. *p < 0.05 db/db vs db/db Fc-PYY, ;./GLP-1,
#p < 0.05 db/db vs db/db WM. C) real-time vO, and D) vO, from 48-hr light (24 hr) and dark (24 hr) periods. E)
RER, F) energy expenditure and G) total activity from 48-hr light (24 hr) and dark (24 hr) periods. N=8 for all
groups. **p <0.01 vs Vehicle, ***p < 0.001 vs Vehicle, ****p < 0.0001 vs Vehicle. Asterisks above a line

indicate significance between groups.
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Figure 4: Hyperinsulinemic/euglycemic clamp following 2 week Fc-PYY, ;./GLP-1 (1 mg/kg/0.15 mg/kg)
treatment in KS db/db mice. A) Body weight profile of study animals. B) Plasma glucose levels during the
clamp. C) Glucose infusion rate required to maintain euglycemia (200 mg/dL) during the clamp. *p < 0.05
db/db vs db/db Fc-PYY; 5./GLP-1, #p < 0.05 db/db vs db/db WM. D) Basal and insulin-stimulated plasma insulin
levels. E) Basal and insulin-stimulated peripheral glucose disposal (Rd). F) Basal and insulin-stimulated
endogenous glucose production (Rg). G) Tissue-specific insulin-stimulated glucose disposal for gastrocnemius,
vastus lateralis, soleus, perigonadal and subcutaneous adipose tissue and H) heart, brown adipose tissue and
brain. I) Core liver glycogen. J) Direct liver glycogen synthesis. K) Core muscle glycogen. L) Direct muscle
glycogen synthesis. N=5-10. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs db/+ . *p < 0.05, **p <0.01,
***¥p <0.001, ****p < 0.0001 vs db/db vehicle. *p < 0.05, p < 0.01, A ~p < 0.001, MAp <0.0001, Fc-PYY,_
3¢/GLP-1 vs WM. For (A-C) Sidak’s multiple comparisons test db/+ vs db/db to determine effect of genotype.
One-way ANOVA with repeated measured followed by Tukey’s multiple comparisons test with db/+ excluded
to determine effect of treatment. For (D-L) unpaired t-test db/+ vs db/db to determine effect of genotype.
One-way ANOVA followed by Tukey’s multiple comparisons test with db/+ excluded to determine effect of

treatment.
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Figure 5: Hyperinsulinemic/euglycemic clamp following 2 week Fc-PYY, ;./GLP-1 (1 mg/kg/0.15 mg/kg)
treatment in DIO WT and Y2RKO mice. A) Body weight profile of study animals. B) Plasma glucose levels
during the clamp. C) Glucose infusion rate required to maintain euglycemia (110 mg/dL) during the clamp. *p <
0.05 WT Vehicle vs WT Fc-PYY; 5,/GLP-1, #p < 0.05 WT Vehicle vs Y2RKO Fc-PYY, ;/GLP-1. D) Basal and insulin-
stimulated plasma insulin levels. E) Basal and insulin-stimulated peripheral glucose disposal (Rd). F) Basal and
insulin-stimulated endogenous glucose production (Rg). G) Tissue-specific insulin-stimulated glucose disposal
for gastrocnemius, vastus lateralis, soleus, perigonadal and subcutaneous adipose tissue and H) heart, brown
adipose tissue and brain. 1) Core liver glycogen. J) Direct liver glycogen synthesis. K) Core muscle glycogen. L)
Direct muscle glycogen synthesis. N=5-10. *p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001, vs vehicle
within genotype. #p < 0.05, ##p < 0.01, ####p < 0.0001 WT vs Y2RKO within treatment. For (A-C) two-way
ANOVA with repeated measures followed by Tukey’s multiple comparisons test. For (D-L) two-way ANOVA
followed by Sidak’s multiple comparisons test.
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Figure 6: Quantitation of cFOS-positive cells in selected brain regions of lean WT, Y2RKO, and Y2RKO/GLP1RKO
mice 4 hours following IP-administered Fc-PYY; ;. (1.0 mg/kg), Fc-GLP-1 (0.15 mg/kg) or Fc-PYY; ;./GLP-1 (1.0
mg/kg / 0.15 mg/kg) combination. The average stained number of cFOS positive cells in the A) central nucleus
of the amygdyla (CeA), B) arcuate nucleus (ARC), C) ventromedial hypothalamic nucleus (VMH), D) bed of the
stria terminalus (BST), E) parabrachial nucleus (PBN), F) area postrema (AP), G) nucleus of the solitary tract (NTS),
and H) paraventricular hypothalamic nucleus (PVN) are shown. *p < 0.05 vs Vehicle, same genotype #p < vs WT,
same treatment. N=2-5.
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Figure 7: Whole brain cFOS quantitation of selected brain regions 24 hours following IP-administered Fc-PYY.
36 (1.0 mg/kg), Fc-GLP-1 (0.5 mg/kg) or Fc-PYY; ;,/GLP-1 (1.0 mg/kg / 0.5 mg/kg) combination in lean C57BL6)J
mice. Total number of cFOS positive cells in the A) arcuate nucleus (ARC), B) paraventricular nucleus (PVN), C)
area postrema (AP), D) bed of the stria terminalus (BST), E) central nucleus of the amygdyla (CeA), F)
parabrachial nucleus (PBN), G) nucleus of the solitary tract (NTS), H) dorsal motor nucleus of the vagal nerve
(DMX) as assessed by light sheet fluorescent microscopy. |) Selected coronal sections from group averaged
brains (scale bar =1 mm). Brain regions delineated by dashed outline.



Highlights

Long acting Peptide-YY3 35 (Fc-PYY;.3¢ and Glucagon-Like Peptide-1 (Fc-GLP-1) combination
therapy induces profound weight loss and promotes diabetes remission in C57BLKS/J db/db
mice.

Fc-PYY3.36 + Fc-GLP-1 enhances B-cell functional recovery and increases expression of key genes
related to normal B-cell function.

Improved insulin sensitivity and hepatic glycogen synthesis independent of weight loss was
observed following Fc-PYY; 36 + Fc-GLP-1 treatment.

Fc-PYY3.36 + Fc-GLP-1 synergistically activates discrete hypothalamic and brainstem nuclei
following acute administration to potentially influence appetite control and metabolic
homeostasis.



