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. Type 2 diabetes (T2D) is a complex and progressive disease requiring polypharmacy to manage

. hyperglycaemia and cardiovascular risk factors. However, most patients do not achieve combined

. treatment goals. To address this therapeutic gap, we have developed MEDI4166, a novel glucagon-like

. peptide-1 (GLP-1) receptor agonist peptide fused to a proprotein convertase subtilisin/kexin type 9
(PCSK9) neutralising antibody that allows for glycaemic control and low-density lipoprotein cholesterol
(LDL-C) lowering in a single molecule. The fusion has been engineered to deliver sustained peptide
activity in vivo in combination with reduced potency, to manage GLP-1 driven adverse effects at high
dose, and a favourable manufacturability profile. MEDI4166 showed robust and sustained LDL-C
lowering in cynomolgus monkeys and exhibited the anticipated GLP-1 effects in T2D mouse models. We
believe MEDI4166 is a novel molecule combining long acting agonist peptide and neutralising antibody
activities to deliver a unique pharmacology profile for the management of T2D.

Type 2 diabetes (T2D) is a chronic illness of pandemic proportions affecting over 400 million people worldwide
 (www.idf.org). It is characterized by hyperglycaemia, resulting from the progressive loss of pancreatic 3-cell func-
: tion in the presence of insulin resistance. Atherosclerotic cardiovascular disease (ASCVD) is the leading cause
: of morbidity and mortality in T2D patients and is the largest contributor of direct and indirect costs of diabetes'.

Treatment strategies are often multifactorial and target central ASCVD risk factors including poor glycaemic

control, dyslipidaemia, obesity and hypertension. However less than 10% of patients achieve combined target

goals®. To address this treatment gap, we engineered a proprotein convertase subtilisin/kexin type 9 (PCSK9)
: neutralizing monoclonal antibody (mAb) fused to a glucagon-like peptide-1 (GLP-1) receptor (GLP-1R) agonist
© peptide to deliver low-density lipoprotein cholesterol (LDL-C) lowering capabilities combined with glycaemic
and weight control in a single molecule.
GLP-1 is a peptide hormone notably produced by the intestinal enteroendocrine L-cells of the gut. It is
: secreted following nutrient ingestion, resulting in enhanced glucose-stimulated insulin secretion (GSIS) from the
© pancreatic 3-cells as well as delayed gastric emptying and enhanced satiety, making it an attractive target for the
. treatment of T2D and obesity®. GLP-1 is rapidly degraded by the dipeptidyl peptidase-4 enzyme (DPP-4) requir-
. ing the development of DPP-4 resistant peptide analogues to generate robust efficacy. Prolonged activity, compati-
. ble with weekly dosing for improved patient convenience, was further achieved using slow release formulations or
* genetic fusion with a long half-life carrier protein as an antibody Fc or serum albumin®. GLP-1 receptor agonists
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(GLP-1RA) effectively reduce glycated haemoglobin (HbA1c), lower body weight and provide cardiovascular risk
reductions>®. To improve the cardiovascular benefits of GLP-1RAs, we elected to target LDL-C lowering by fusing
a GLP-1 analogue peptide to a neutralizing PCSK9 monoclonal antibody.

PCSKO9 is a serum protein that binds to the LDL receptor and promotes its degradation, resulting in increased
levels of LDL-C in circulation’. Anti-PCSK9 antibodies, such as evolocumab and alirocumab, block the PCSK9
interaction with LDL receptor and have demonstrated robust LDL-C reductions in hypercholesterolemic
patients®. In addition, PCSK9 antibodies have shown an additive effect with statin therapy® and reduced the risk
of cardiovascular events'®.

Here we describe the generation and preclinical evaluation of MEDI4166, a dual anti-PCSK9 antibody fused
with a GLP-1 analogue agonist peptide, with the potential to provide significant benefit to T2D patients with
high cardiovascular risk. As proof of concept that PCSK9/GLP-1 peptide-antibody molecules can deliver dual
pharmacology, we investigated a panel of N-terminal genetic fusions of a DPP-4-resistant GLP-1 analogue with
different PCSK9 antibodies and linkers. Numerous challenges had to be addressed through peptide engineering
and pharmacokinetic-pharmacodynamic (PK-PD) modelling to develop MEDI4166. These included: improving
the in vivo stability of the GLP-1 analogue peptide which was significantly shorter than the antibody moiety;
tuning the potency at GLP-1 receptor to achieve efficient and safe GLP-1 activity at doses compatible with strong
PCSK9 suppression; and minimising the propensity of the fusion molecule to aggregate.

Results

Dual function of GLP-1 receptor agonist peptide and anti-PCSK9 antibody fusions. Based on
the critical requirement for a free N-terminus on the GLP-1 peptide for receptor activation!!, we genetically fused
a DPP-4-resistant GLP-1R agonist peptide, similar to the one used in the Fc fusion molecule LY2189265'2, to
either the heavy or light chain variable domain of neutralising anti-PCSK9 antibodies (Fig. 1a). We investigated a
panel of seven antibodies, from multiple origins (Supplementary Table 1) and of diverse variable chain sequences
(Supplementary Table 2), fused to the peptide with either a short (GGSA) or a long ([G,S];A) amino acid linker.
The fusion constructs were expressed, purified and tested for both human GLP-1R potency in a cyclic adenosine
monophosphate (cAMP) accumulation assay and PCSK9 binding in an epitope competition assay (Fig. 1b,c and
Supplementary Table 3). All but one of the 28 constructs expressed sufficiently for initial testing apart from the
heavy chain GGSA linker fused with anti-PCSK9 Ab#1. Fusions with the [G,S];A linker to the antibody light
chain displayed potent GLP-1R activation (ECs;: 100-300 pM) whilst PCSK9 binding activity decreased by 2-70-
fold relative to the parental anti-PCSK9 antibodies. Based on PCSK9 binding data and manufacturability char-
acteristics (i.e. expression level, fragmentation and aggregation propensity) of the antibody partner, the peptide
fusion to the antibody light chain of Ab#2 with the [G,S];A linker, denoted Ab#2_GLP1, was selected for further
characterization. This fusion displayed kinetic parameters for binding to human PCSK9 (Fig. 1d) and potency in
promoting LDL-C uptake in HepG2 cells treated with recombinant PCSK9 (Fig. le) that are comparable to Ab#2.
In addition, Ab#2_GLP1 retained similar human GLP-1R potency and maximum efficacy relative to the control
GLP-1 analogue peptide Fc fusion molecule GLP-1-Fc(~4) (Fig. 1f).

We next determined the in vivo circulating half-life of Ab#2_GLP1 in lean mice. After a single intravenous
dose, the peptide-antibody fusion concentrations were quantified over time utilising capture and detection rea-
gents specific to human Fc. As a surrogate for peptide integrity, the activity of the fusion molecule was assessed by
its ability to activate human GLP-1R in an ex vivo bioassay. The terminal half-life of Ab#2_GLP1 was 82h based
on Fc detection and 19 h based on GLP-1R activity (Fig. 2a and Supplementary Table 4). This discordance between
the antibody Fc and GLP-1R activity half-life suggested that the peptide was either inactivated or separated from
the antibody moiety and rapidly cleared. To better understand the degradation of peptide-antibody fusion, the
same GLP-1 analogue fused to an isotype control antibody was administered to rats and the fusion protein was
recovered and analysed by mass spectrometry seven days post-dose. While the [G,S];A linker between the pep-
tide and antibody light chain remained intact (Supplementary Fig. 1a,b), the DPP-4 resistant GLP-1 analogue
was cleaved after positions G2, S12 and W25 (Supplementary Fig. 1¢,d). Such proteolytic cleavage in the peptide
would lead to the accumulation of long half-life metabolites able to suppress PCSK9 but inactive against GLP-1R.
This difference in GLP-1R and PCSK9 activity over time would result in suboptimal pharmacology for a dual
activity fusion molecule. Hence, the stability of the GLP-1R agonist peptide component required improvement.

Engineering peptide stability to generate sustained in vivo GLP-1R activation. Cleavage after
position W25 was also detected during production for some of our initial GLP-1 analogue peptide-antibody
fusions and we hypothesized that W25 would be particularly labile. However, mutating the peptide at position
W25 when in light chain fusion with the anti-PCSK9 Ab#2 resulted in peptide truncation during production
except for the W25K variant. Unfortunately this mutation provided no additional in vivo stability to the fusion
molecule (Supplementary Fig. 2). Exendin-4 is a GLP-1 analogue derived from the salivary glands of the Gila
monster lizard". It encompasses a long C-terminal extension that forms a compact fold around W25 (termed
tryptophan cage) reducing its solvent exposure'. This structure has been shown to improve peptide chemical
stability and to extend in vivo activity'>!® and could provide some stability benefit when in antibody fusion.
However, we found that the exendin-4 antibody light chain fusion (Ab#2_EX4) had a GLP-1R activity half-life
of 11h, with no improvement seen in stability over the Ab#2_GLP1 fusion molecule (Fig. 2b and Supplementary
Table 4).

Taking a different approach, we then engineered the fusion molecule to create steric hindrance around the
peptide and block its degradation by proteases either by creating an N-linked glycosylation site at position 25
of the GLP-1 analogue peptide (Ab#2_GLP1 W25N/V27S) or by introducing a disulphide bridge between the
exendin-4 peptide and the linker (Ab#2_DSB#1).
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Figure 1. Dual activity of GLP-1 receptor agonist peptide and anti-PCSK9 antibody fusions. (a) Schematic
representation of GLP-1 analogue peptide anti-PCSK9 antibody fusion. (b) Potency at human GLP-1R in CHO
transfected cells of the 27 tested peptide antibody fusions in the cAMP accumulation assay using anti-PCSK9 Ab#1
(pink), Ab#2 (orange), Ab#3 (khaki), Ab#4 (green), Ab#5 (blue), Ab#6 (purple) and Ab#7 (grey). Potency of the
reference compound GLP-1-Fc(~4) is shown with a dashed red line. The red arrow shows the fusion chosen for
in-depth characterisation. (c) Relative PCSK9 binding of the 27 tested peptide antibody fusions in the biochemical
epitope competition assays compared to the parental anti-PCSK9 mAbs. A relative binding of 1, shown with a
dashed red line, is corresponding to the parent antibody ECs,. (d) Surface plasmon resonance (SPR) sensorgrams
for binding of recombinant human PCSK9 to Ab#2 (black) and peptide antibody fusion Ab#2_GLP1 (orange).
The graph illustrates data of a typical experiment done 8 times independently. (e) Uptake of fluorescently labelled
LDL-cholesterol by HepG2 cells treated with 45 nM of recombinant human PCSK9 and Ab#2 (black), peptide
antibody fusion Ab#2_GLP1 (orange) or isotype control mAb (grey), (n=2) (f) Activation of human GLP-1R as
% of maximum GLP-1(7-36) amide peptide response in CHO transfected cells using cAMP accumulation assay
following treatment with Ab#2_GLP1 (orange), GLP-1-Fc(~4) (pink), GLP-1(7-36) amide peptide (green) or
isotype control mAb (grey), (n=2). For (b) and (c), values are shown as mean of n=2. For (e) and (f), values are
presented as mean (£SD) of a typical experiment performed independently at least in duplicate.
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Figure 2. Stability engineering of GLP-1 analogue peptides in fusion with anti-PCSK9 Ab#2. Human Fc
concentration (pink) and GLP-1R active compound concentration (orange) following single intravenous
administration in C57BI/6 mice (n =3 per time-point) of (a) Ab#2_GLP1 at 5mg/kg; (b) Ab#2_EX4 at 1 mg/kg;
(c) N-glycosylated GLP-1 analogue W25N/V27S Ab#2 fusion at 40 mg/kg; (d) disulphide bridge stabilised
variant Ab#2_DSB#1 at 10.8 mg/kg. Values are presented as mean (SEM). Concentration of the active
compound at 168 h post-dose for Ab#2_EX4 was not reported as it was below the lower limit of quantification of
the assay.

The glycosylated fusion molecule Ab#2_GLP1 W25N/V27S was highly stable in vivo, exhibiting a GLP-1R
activity terminal half-life of 77h in mice (Fig. 2c and Supplementary Table 4). This compound presented a
350-fold reduction in potency at human GLP-1R, using the cAMP accumulation assay, to 30 nM as compared to
87 pM for the non-glycosylated Ab#2_GLP1 fusion. To detect GLP-1R activity in the ex-vivo assay over a suffi-
cient period of time for accurate half-life determination, the dose of the glycosylated variant in the PK stability
experiment had to be increased to 40 mg/kg compared to 5 mg/kg for the non-glycosylated fusion. More gener-
ally, doses of peptide-antibody fusions for testing in vivo stability of the GLP-1 activity were adjusted based on
their human GLP-1R potency and material availability.

In contrast, the potency at human GLP-1R of the exendin-4 disulphide stabilised fusion Ab#2_DSB#1 was
better than the glycosylated variant Ab#2_GLP1 W25N/V27S although reduced compared to the non-modified
exendin-4 antibody fusion (5.3nM and to 110 pM, respectively). In addition, Ab#2_DSB#1 displayed equivalent
terminal half-life in mice based on Fc detection and GLP-1R activity (Supplementary Table 4) with no significant
loss of peptide activity for at least 7 days (Fig. 2d). Unfortunately, this fusion was highly prone to aggregation,
making this construct a poor candidate for further development (Fig. 3a).

However, the concept of improving the peptide component stability through the introduction of a disulphide
bridge appeared promising. The structure of exendin-4 in complex with the N-terminus domain of the human
GLP-1R" (Protein Data Bank code 3C5T) was then used to rationally guide the location of the cysteines in the
a-helix of the peptide and in the linker or peptide C-terminus to minimize the impact on receptor binding and to
favour disulphide bridge formation in order to reduce propensity to aggregate (Fig. 3b). Ten additional disulphide
stabilised exendin-4 antibody fusions were produced (Supplementary Table 5) and, following protein A purifi-
cation, four of these fusions presented a reduction in aggregate formation compared to Ab#2_DSB#1 (Fig. 3¢).
Two fusions, Ab#2_DSB#7 and Ab#2_DSB#9, were tested for GLP-1R activity and in vivo stability. DSB#7 and
DSB#9 fusions displayed human GLP-1R potencies of 950 pM and 120 pM, respectively, which corresponds to
an approximate 5 and 40-fold enhancement relative to the DSB#1 fusion. Following single intravenous admin-
istration in rats, the Ab#2_DSB#9 fusion did not show improvement in in vivo peptide stability with a GLP-1R
activity half-life of 12 h. However, Ab#2_DSB#7 displayed a GLP-1R activity terminal half-life of 58 h (Fig. 3d
and Supplementary Table 4), demonstrating improved in vivo peptide stability compared to unmodified GLP-1
analogue and exendin-4 fusions. This molecule with prolonged peptide activity half-life and low aggregation
propensity formed the basis for further pharmacological optimisation.

Engineering peptide-antibody fusion molecules with reduced GLP-1R potency. Dose dependent
gastrointestinal adverse events are well-known effects associated with GLP-1 therapy'®. To limit such effects at the
high doses and exposure levels associated with effective PCSK9 neutralisation, the potency of the GLP-1 peptide
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Figure 3. Optimising aggregation profile of disulphide bridge exendin-4 in anti-PCSK9 fusion. (a)
Chromatogram profile of preparative size exclusion for Ab#2_DSB#1 compound following protein-A
purification. (b) Structure (PBD 3C5T) of exendin-4 (cyan for the a-helix and orange for the tryptophan

cage) in complex with the N-terminal domain of human GLP-1R (green) showing the targeted residues (pink)
for rational design of peptide antibody fusion with low aggregation propensity. (c) Percentage aggregate in
Protein-A purified samples of disulphide bridge variants in fusion with Ab#2 compared to exendin-4 fusion
(Ab#2_EX4) — n=1. Colour code corresponds to the cysteine mutation in the a-helix of exendin-4: D9C
(pink), A18C (orange), L21C (khaki) and W25C (green). Fusions chosen for further analysis are shown with a
blue arrow. (d) Human Fc concentration (pink) and GLP-1R active compound concentration (orange) following
single intravenous administration in CD rats (n=3) of Ab#2_DSB#7 at 10 mg/kg. For (d), values are presented
as mean (£SEM).

component in the fusion was optimised. For this, a mechanism-based PK-PD i# silico model was first developed to
inform on an appropriate human GLP-1R potency. This algorithm simultaneously models the exposure-response
relationship between the fusion molecule, the soluble target PCSK9 and GLP-1R activity based on potency in the
cAMP assay. Simulations predicted that for a compound with a human PCSK9 affinity below 1 nM, a once-weekly
50 mg dose would achieve robust free PCSK9 suppression (Supplementary Fig. 3a). By testing a theoretical range
of human GLP-1R potencies at a once-weekly 50 mg dose and assuming the peptide retains its activity over the
dosing period, simulations showed that a potency 40-fold less than the reference GLP-1-Fc(v4) molecule should
deliver equivalent GLP-1 activity to a 1.5 mg weekly dose of GLP-1-Fc(~4) (Supplementary Fig. 3b).

The anti-PCSK9 antibody Ab#2 was affinity matured by rational design using a structure homology model of
the mAb in complex with human PCSK9 to generate the optimised version Ab#2.1, which should deliver robust
PCSKO9 suppression at lower doses than Ab#2. The disulphide bridge stabilised DSB#7 peptide fused to Ab#2.1
was only 7-fold less potent than GLP-1-Fc(~4) at human GLP-1R in the cAMP assay using Chinese hamster
ovary (CHO) transfected cells, indicating that the potency needed to be further reduced (Supplementary Fig. 4).
To rationally optimize peptide potency, a homology model of DSB#7 in complex with the GLP-1 receptor was
generated (Fig. 4a). Positions predicted to be involved in binding to the receptor e.g. E15, V19, 123, L26 as well
as G2, a residue critical for receptor activation'®, were mutated and variants tested for human GLP-1R potency
and maximum activation compared to GLP-1-Fc(~4) in the cAMP accumulation assay. Potency of these variant
fusions ranged over several orders of magnitude and some of the mutations at positions G2, L26 and 123 resulted
in partial agonism (Fig. 4b and Supplementary Table 6). However, four fusions with a single point mutation (G2V,
E15A, V19A and L26I) had potency at human GLP-1R similar to the target value and were investigated further
for in vivo peptide stability and manufacturability.

Identification of the peptide-antibody fusion MEDI4166. Following expression, V19A and L26] vari-
ants showed the highest percentage of monomeric product post-protein A purification and the lowest aggregation
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Figure 4. Optimising GLP-1R potency of disulphide bridge DSB#7 peptide in antibody fusion. (a) Split view
model of DSB#7 analogue peptide (cyan) in complex with the N-terminal domain of human GLP-1R (green)
showing in orange the targeted residues for rational design of peptide antibody fusion with reduced potency

at human GLP-1R. Receptor residues predicted to interact with the targeted peptide amino acids are shown

in yellow. The disulphide bridge between the peptide a-helix and C-terminus is shown in red. (b) Activity at
human GLP-1R expressed in CHO cells using the cAMP accumulation assay for DSB#7 peptide variants with
single point amino acid mutation at G2 (pink), E15 (orange), V19 (green), 123 (khaki) and L26 (blue) in fusion
with the optimised antibody Ab#2.1. Reference compound GLP-1-Fc(~4) is shown as a purple cross. Values
are shown as mean of n= 2. Fusion molecules at target human GLP-1R potency are shown in a grey square.

(c) Human Fc concentration following single intravenous administration in CD rats (n =3 per compound) of
Ab#2.1 in fusion with DSB#7 peptide variant G2V (pink) at 60 mg/kg, E15A (orange) at 53 mg/kg, V19A (green)
at 58.5mg/kg and L26I (blue) at 60 mg/kg. (d) Human Fc concentration (pink) and GLP—1R active compound
concentration (orange) following single subcutaneous administration at 60 mg/kg in CD rats (n = 3) of the
fusion Ab#2.1_DSB#7_V19A. For (c) and (d), values are presented as mean (SEM).

after a 4 week 5°C incubation at the target concentration of 50 mg/mL (Supplementary Fig. 5). Following single
intravenous administration in rats, the V19A variant molecule had the best pharmacokinetic profile out of the four
fusions (Fig. 4¢), equivalent to the anti-PCSK9 antibody Ab#2.1 (Supplementary Fig. 6 and Supplementary Table 4).
The V19A fusion was also highly stable in vivo with no loss of GLP-1R activity compared to Fc exposure for
up to 4 days following single subcutaneous administration in rats (Fig. 4d). This peptide-antibody fusion mol-
ecule, Ab#2.1_DSB#7_V19A, was called MEDI4166. It exhibited an attractive manufacturability profile nota-
bly due to its low aggregation propensity during production (Supplementary Fig. 7). The molecule has the
same affinity for human PCSK9 as Ab#2.1 and cross-reacted with cynomolgus and rat PCSK9 (Supplementary
Table 7). MEDI4166 neutralised PCSK9 binding to the LDL receptor and restored LDL-C uptake in HepG2 cells
(Supplementary Fig. 8). In addition, potency of MEDI4166 for human GLP-1R in transfected CHO cells dis-
played a 45-fold reduction compared to the GLP-1-Fc(+4) control molecule in the cAMP accumulation assay
(Supplementary Table 8). The compound is highly specific for GLP-1R, as it is unable to activate the closely
related human receptors for glucagon, glucagon-like peptide-2 (GLP-2) and secretin. A small activation of the
gastric inhibitory polypeptide (GIP) receptor was detected at concentrations above 1 uM (Supplementary Fig. 9).
Importantly, MEDI4166 was able to induce glucose-stimulated insulin secretion in INS1 3-cells expressing
endogenous GLP-1R (Supplementary Fig. 10) with a reduced potency compared to GLP-1(7-36) amide peptide
(147 nM and 1.2 nM respectively). In this assay, maximum insulin level for MEDI4166 was 65% of the reference
peptide. To conclude, MEDI4166 has been engineered to be a novel long acting GLP-1R agonist peptide with a
reduced potency in fusion with an optimized neutralising anti-PCSK9 antibody to deliver glycaemic and weight
control in combination with LDL-C lowering.
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Figure 5. Glucose control and weight loss induced by MEDI4166 in mouse models of diabetes and obesity.

(a) Fasted blood glucose levels in male DIO mice (n = 10/group) following a single subcutaneous administration
of anti-PCSK9 control antibody Ab#2.1 (10 mg/kg), MEDI4166 (10 mg/kg) or Ab#2.1_EX4 (10 or 30 mg/kg).
Values are presented as mean ((£SEM). In all cases, *p < 0.05; ***p < 0.001; ****p < 0.0001 compared to
control mAb; ¥*p < 0.01; **%%p < 0.0001 MEDI4166 compared to 10 mg/kg Ab#2.1_EX4; Ap < 0.05; AMAAp < 0.001;
ANAAD < 0.0001 MEDI4166 compared to 30 mg/kg Ab#2.1_EX4; **p < 0.01 30 mg/kg Ab#2.1_EX4 compared

to 10mg/kg Ab#2.1_EX4. (b) Fasted blood glucose levels in male diabetic db/db mice (n = 12/group) following
weekly subcutaneous administration of vehicle (PBS) or MEDI4166 (3, 10 or 30 mg/kg) for 4 weeks. Values are
presented as mean (=SEM);. *#p < 0.05; *#¥p < 0.001; ****p < 0.0001 compared to vehicle. *p < 0.05; *p < 0.01;
$$5p < 0.001 3 mg/kg MEDI4166 compared to 10 mg/kg MEDI4166. Ap < 0.05; AAp < 0.01; AMAAp < 0.001;

ANAAD < 0.0001 3 mg/kg MEDI4166 compared to 30 mg/kg MEDI4166. (c) Body weight change of DIO mice
(n=8/group) following once weekly subcutaneous administration of vehicle (PBS) or MEDI4166 (3, 10 or
30mg/kg) for 26 days. Values are presented as mean (£ SEM); **#*p < 0.0001 for MEDI4166 (30 mg/kg)

vs. vehicle; *p < 0.0001 for MEDI4166 (10 mg/kg) vs. vehicle.

MEDI4166 demonstrates extended glucose control, delays development of diabetes and
reduces obesity in rodent models. To investigate if the optimised in vivo stability and reduced potency
of the MEDI4166 GLP-1 peptide component translates into prolonged glucose control, we compared the impact
of MEDI4166 and exendin-4 in fusion with the same antibody partner (Ab#2.1_EX4) on fasting plasma glucose
(FPG) levels in moderately hyperglycaemic diet-induced obese (DIO) mice over 21 days (Fig. 5a). Following a
single subcutaneous dose, both MEDI4166 and Ab#2.1_EX4 significantly reduced FPG 4h post-dose. However,
the glucose-lowering effects of MEDI4166 persisted for up to 14 days before returning to baseline levels on day
21 whereas the effects of Ab#2.1_EX4 approached baseline levels 10 days post-treatment. Glucose tolerance tests
(GTT) were also performed at day 0 and day 10 to characterize duration of effect. At 4h post dose (day 0),
both molecules significantly reduced glucose excursion, but only MEDI4166 reduced glucose excursion at day
10 (Supplementary Fig. 11). Consistent with these effects, the GLP-1 activity of MEDI4166 in the ex-vivo cAMP
accumulation assay was maintained out to 21 days in contrast to Ab#2.1_EX4 which approached baseline levels
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on day 7 (Supplementary Fig. 12). Together these data demonstrate that in DIO mice the GLP-1 peptide com-
ponent of MEDI4166, despite being 52- and 37-fold less potent than Ab#2.1_EX4 at mouse GLP-1R in CHO
transfected cells and MING6 (3-cells respectively (Supplementary Table 9), resulted in more durable glucose control
than the non-optimised fusion. In addition, MEDI4166 has no impact on glucose excursion following a GTT in
GLP-1R knock-out mice (Supplementary Fig. 13) demonstrating that its effects on glucose are mediated through
specific engagement of the GLP-1R.

The ability of MEDI4166 to improve glycaemic control in a model of Type 2 diabetes was investigated in male
db/db mice following weekly injections of MEDI4166 at 3, 10 or 30 mg/kg over a 4 weeks period. Glucose levels in
4 h-fasted animals were reduced in MEDI4166-treated mice in a dose-dependent manner with the mid and high
doses significantly delaying the progression of diabetes (Fig. 5b). A GTT conducted on day 22 showed that both 10
and 30 mg/kg MEDI4166 treatment were able to significantly improve glucose tolerance (Supplementary Fig. 14).

The impact of MEDI4166 on body weight following repeated dosing was evaluated in DIO mice. Weekly
injections of MEDI4166 reduced body weight in a dose-dependent manner (Fig. 5¢) with the 30 mg/kg treat-
ment delivering a 13% decrease in body weight compared to a 1.4% reduction for the control group at day
26. Body weight loss in the MEDI4166 30 mg/kg dose group was accompanied by a reduction in food intake
(Supplementary Fig. 15) and fat mass, but not fat free mass (Supplementary Table 10). Analysis of clinical chem-
istry parameters measured at the end of the 4-week study (Supplementary Table 11) showed that MEDI4166
treatment reduced FPG, total cholesterol and serum alanine transaminase (ALT) levels, which is indicative of
improved liver function.

MEDI4166 efficiently suppresses PCSK9 and reduces LDL-cholesterol in cynomolgus monkey.
The effects of MEDI4166 on PCSK9 suppression, LDL-C level and the pharmacokinetic profile based on human
GLP-1R activity and Fc detection, to determine in vivo peptide stability, were evaluated in healthy lean cynomo-
lgus monkeys following a single intravenous (iv) dose at 1 or 5 mg/kg or subcutaneous (sc) dose at 10 or 100 mg/
kg. No adverse effects were observed during the study and food consumption remained unaffected by treatment.
A slight decline in bodyweight was observed for the first 6 days in the 100 mg/kg subcutaneous treated group
(—7% compared to day 0 baseline at day 6) before increasing thereafter (Supplementary Fig. 16). MEDI4166
at 10 mg/kg (sc) decreased LDL-C up to 80% at day 6 before returning to baseline at day 18 (Fig. 6a). This data
correlated well with the free PCSK9 level which was not efficiently suppressed after day 8 (Fig. 6b). Following
treatment with the high dose (100 mg/kg, sc), PCSK9 levels were completely suppressed for at least 30 days lead-
ing to a LDL-C reduction of greater than 70% over the duration of the study. The pharmacokinetic profiles for Fc
and human GLP-1R active compound following administration at 5 mg/kg (iv) and 100 mg/kg (sc) are shown in
Fig. 6¢ and d respectively. MEDI4166 is fully stable in cynomolgus monkey for at least 9 days following intrave-
nous administration with no discordance between Fc and GLP-1R active compound concentrations. MEDI4166
is also highly stable following subcutaneous administration with no more than 2-fold difference between Fc and
active compound concentrations for at least 8 days. The terminal half-life of MEDI4166 in cynomolgus monkeys
based on Fc and GLP-1R activity in the 100 mg/kg (sc) group were determined to 147 and 116 h respectively
(Supplementary Table 4).

Discussion

Peptides and antibodies are two major classes of drug with impressive clinical and commercial credentials
However, to the best of our knowledge, no dual activity peptide-antibody fusion molecule has been tested in the
clinic so far. Considering the rapid progress of bispecific antibody based molecules?, this lack of clinical data for
any peptide-antibody fusion likely reflects the significant technical challenges in the development of such mole-
cules. Indeed, generating a fusion or conjugation between a peptide and a carrier molecule such as an antibody Fc
fragment®?* or a full antibody*>?¢ is a well described half-life extension strategy to address their rapid clearance
from circulation and improve their therapeutic potential. However, there are only a few reports of therapeutic
peptides in fusion with a functional antibody to deliver multiple activities in a single molecule. Examples of
such fusions are Ang2 blocking peptides fused to the anti-TNF adalimumab?’ or the anti-ErbB2 trastuzumab
antibodies®® as well as an IL-17A neutralising peptide fused to an anti-IL-22 antagonistic antibody?. For the
IL-17A/IL-22 fusion, significant protein engineering was required to obtain a dual activity profile in in vitro assays
and to limit the peptide degradation during production, a phenomenon frequently observed for peptide fusion
molecules expressed in transfected cells®. In addition, despite addressing the degradation on production, the
peptide component of this IL17A/IL-22 fusion was still prone to cleavage after in vivo administration®'. In vivo
degradation of linear Ang?2 binding peptide was also detected when in fusion with trastuzumab?®. Such relative
instability of the peptide in vivo, compared to the antibody component, will lead to suboptimal efficacy of the
fusion molecule. Therefore, generating a peptide-antibody fusion with sustained activity for both the antibody
and the peptide driven pharmacology is a challenge that is essential to overcome to maximise the therapeutic
benefits of those fusion molecules.

Here we report the development of MEDI4166; a long acting GLP-1 analogue peptide fused to an anti-PCSK9
antibody. The peptide component of MEDI4166 has been extensively optimised to provide lasting glucose and
weight control that is able to better match the antibody PK in combination with a reduced GLP-1R potency and
a favourable manufacturability profile.

The initial step in designing a PCSK9/GLP-1 dual molecule was to fuse a DPP-4-resistant GLP-1 analogue pep-
tide with either GGSA or [G,S];A linkers to the heavy or light chain variable domains of a panel of anti-PCSK9
antibodies. Activities of the fusions were highly variable, ranging from 74 pM to 33 nM potency at human GLP-1R
and up to 120-fold loss of PCSK9 binding compared to the parent antibodies (Fig. 1b,c). Impact of the fusion on
PCSK9 binding is likely due to steric clashes generated by the peptide moiety. For instance, structural analysis of
the anti-PCSK9 mAb 1D05% reveals that the light chain N-terminus is close to the binding interface and a peptide

20,21
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Figure 6. MEDI4166 anti-PCSK9 activity and exposure profiles in lean cynomolgus monkey following single
injection. (a) Change in plasma LDL-C and (b) free PCSK9 concentration following MEDI4166 intravenous
administration at 1 (khaki) or 5 (green) mg/kg or subcutaneous administration at 10 (orange) or 100 (pink)
mg/kg. (c¢) Human Fc concentration (dark blue) and GLP-1R active compound concentration (light blue)
following intravenous administration of MEDI4166 at 5 mg/kg or (d) subcutaneous administration at

100 mg/kg. n = 3 animals per group. Values are presented as mean (=SEM). Concentration of GLP-1R active
compound after 9 days and Fc concentration after 24 days for MEDI4166 at the 5 mg/kg (iv) dose were not
reported as levels were below the lower limit of quantification of the assays.

fusion at this locus is likely to significantly alter the antibody binding properties. Differences in GLP-1R potencies
observed in the panel of fusion constructs may also be explained by varying degrees of steric hindrance. Whilst
we did not investigate the reasons for each potency variation, it is also possible that a fraction of the peptide com-
ponent may self-associate or bind to the antibody surface thus reducing its ability to effectively engage with the
receptor. Indeed, GLP-1 and analogues are known to form amphipathic a-helix structures that are poorly soluble
and prone to generate aggregates®.

The PK stability profile in mice of our early fusions such as Ab#2_GLP1 and Ab#2_EX4 demonstrated that the
in vivo GLP-1R activity of such peptide-antibody fusion molecules rapidly decreased over time due to peptide deg-
radation compared to the exposure achieved by the antibody Fc component (Fig. 2a and b). The activity half-life
in rat of exendin-4 in fusion with a carrier antibody has been previously reported as 10.8 h*, which is similar to
the 11.5h value we observed in mice for exendin-4 in fusion with the anti-PCSK9 Ab#2 antibody (Supplementary
Table 4). Numerous proteolytic enzymes are involved in the GLP-1 peptide degradation pathways** and eliminating
all possible cleavage sites via amino acid mutation, without dramatically impacting on GLP-1R activity, would
be particularly challenging, or indeed may not be possible. For instance, mutating the W25 peptide amino acid,
a residue we identified as being particularly labile, led to truncation during production or to no in vivo stability
benefit (Supplementary Fig. 2). We therefore investigated a more generic approach consisting of generating steric
blockade around the peptide to render it protease-resistant. This was investigated by either creating a disulphide
bridge between the peptide and the linker or by adding an N-linked carbohydrate moiety.

Glycoengineering has been successfully used to increase exposure and pharmacodynamics of darbepoetin,
a hyperglycosylated analogue of erythropoietin®® and our glycosylated GLP-1 analogue peptide fusion variant
Ab#2_GLP1 W25N V278 showed indeed in vivo stability improvement (Fig. 2c). Unfortunately, this compound
has a too low GLP-1R potency to offer a viable therapeutic solution. As an alternative approach to improve in
vivo stability of the fusion molecule, we then engineered a disulphide bridge into the exendin-4 peptide moiety
(Ab#2_DSB#1) as this has been shown to improve in vitro and in vivo stability of both GLP-1 and exendin-4
analogue peptides®®. Ab#2_DBS#1 has a reduced GLP-1R potency compared to the parent fusion but to a lesser
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extent than the glycosylated Ab#2_GLP1 W25N V278 (5.3 and 30 nM respectively). Remarkably, Ab#2_DSB#1
retained full GLP-1R activity for up to 7 days in mice with a terminal half-life of 83 h (Fig. 2d) which we believe
is, excluding slow release formulation technology, the longest half-life for any GLP-1 analogue described to date.
Ultimately, the optimized lead molecule MEDI4166 displayed robust glucose-lowering effects that persisted for
up to 14 days following a single dose in DIO mice, whereas blood glucose levels approached baseline levels for
the non-stabilized control molecule (Fig. 5a). In the same mouse model, MEDI4166 also demonstrated efficient
glucose control following a GTT performed 10 days after a single administration (Supplementary Fig. 11). The
prolonged GLP-1R activity of MEDI4166 can also be observed, using the ex-vivo cAAMP accumulation assay, in rat
(Fig. 4d) and cynomolgus monkeys (Fig. 6¢,d) demonstrating that the peptide stability improvement, conferred
by the disulphide bridge, is translatable across species and independent of the different protease environments.

Introducing steric blockade has proven a successful strategy to increase the stability of a peptide in vivo but
typically this has been at the expense of potency, as for instance a 48-fold difference at human GLP-1R in trans-
fected CHO cells between Ab#2_DSB#1 and the same molecule without the disulphide bridge (Ab#2_EX4). From
a therapeutic point of view, it should be possible to overcome the lower potency of the compound by using higher
doses to achieve the desired outcomes. However, the benefits expected of an improved stability molecule with a
lower potency need to be carefully weighted against other considerations such as manufacturing and formulation
requirements as well as patient convenience and compliance.

Since the two different pharmacological activities of the peptide antibody fusion molecule cannot be titrated
separately, precise adjustment of the potency at GLP-1R was required to achieve effective and safe GLP-1 activity
at doses likely able to suppress PCSK9. As clinical data for both anti-PCSK9 antibodies and GLP-1 analogue mole-
cules are widely available, we used PK-PD modelling to determine the appropriate potency at human GLP-1R for
the fusion molecule that should deliver robust glucose control without inducing non-manageable GLP-1 driven
adverse events at exposure levels able to efficiently neutralize PCSK9. It is well described that relatively high doses
of anti-PCSK9 antibodies, as for instance 140 mg every two weeks of evolocumab, are required to overcome the
antigen sink®”*, The direct consequence of such a high dose is that the potency of the GLP-1 peptide component
in the fusion had to be appropriately reduced to try minimising GLP-1-induced gastrointestinal side effects's.
Indeed, even with a 1.5 mg weekly dose of the GLP-1 analogue Fc fusion drug dulaglutide, approximately 20% of
patients experienced nausea in the AWARD-3 clinical trial®’. Reducing potency of the GLP-1 analogue peptide
may appear counterintuitive for a potential therapeutic but in this case, it has enabled us to incorporate significant
stability improvement in the MEDI4166 molecule.

In addition to demonstrating in vitro cAMP activity at human and mouse GLP-1R in transfected CHO and
in the mouse MING6 insulinoma cells, MEDI4166 induced glucose-stimulated insulin secretion in INS1 (3-cells
and displayed a desirable profile in rodent disease models. It reduced fasting glucose and improved glucose tol-
erance in both DIO and db/db mice as well as inducing weight loss in DIO mice. In lean cynomolgus monkeys,
MEDI4166 demonstrated robust PCSK9 suppression and LDL-C reduction. The duration of action and maxi-
mum LDL-C reduction in non-human primates, around 80% change from baseline for MEDI4166, are broadly
comparable to others anti-PCSK9 mAbs**#*4!, Time for returning to baseline LDL-C level might be slightly
shorter using MEDI4166, around 10 and 14 days following a 1 mg/kg iv dose of MEDI4166 and anti-PCSK9 J16
mADb*? respectively. If confirmed, this could eventually be due to small differences in bioavailability, distribution
or elimination of the peptide-antibody fusion compared to conventional mAbs.

To conclude, our data support further investigations of MEDI4166 as a potential treatment for T2D patients
with high cardiovascular risk. However, as is often the case for many new medicines, there could be limitations in
translating pre-clinical effects to the patient population. For instance, LDL-C decrease observed in lean cynomo-
lgus monkeys might not accurately predict efficacy in patients with severe hypercholesterolemia. Obese and dia-
betic non-human primates*>** could be very helpful animal models to analyse the pharmacology of MEDI4166
for both glucose control and LDL-C reduction and might provide additional insights to precisely predict its
efficacy in humans.

Bispecific molecules are more often designed to target antigens expressed on the same cell or cells within the
same environment but our data also demonstrates the feasibility of achieving dual pharmacology when target-
ing molecules in very different compartments: a soluble serum protein (PCSK9) and a GPCR predominately
expressed in pancreatic 3-cells (GLP-1R). GLP-1R expression has also been demonstrated in the central nervous
system*® (CNS), but it is unlikely that such a large molecule as MEDI4166 can efficiently cross the blood brain
barrier. In addition, we have shared a broadly applicable methodology for the engineering of peptide-antibody
fusion molecules that enables long in vivo stability and activity whilst balancing dual functionality and improv-
ing its manufacturability profile. Peptides and antibodies represent two important therapeutic modalities and
combining them in a single entity affords the ability to incorporate diverse mechanism of actions such as antag-
onistic and agonistic activities in distinct compartments as exemplified here. Versatility and flexibility of the
peptide-antibody fusion format could be particularly well suited to address complex diseases by targeting several
biological pathways and offer new therapeutic approaches.

Methods

Peptide-antibody fusion constructs. The genes encoding the light and heavy chain variable domains
of the anti-PCSK9 antibodies were synthesized by GeneArt, amplified by PCR and cloned into the mammalian
expression vectors previously described*. DNA coding for the DPP-4 resistant GLP-1 analogue peptide in fusion
with the [G,S]5A or GGSA amino acid linker, as well as for exendin-4 peptide in fusion with the [G,S];A linker,
were also synthesized by GeneArt. The different fusion genes were then assembled by overlapping PCR before
cloning into the mammalian expression vectors. Site directed and saturation mutagenesis were performed using
the Quikchange II kit (Agilent Technologies) or by overlapping PCR. All constructs were confirmed by DNA
sequencing before transfection.
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Peptide-antibody fusion production. Anti-PCSK9 antibodies and peptide-antibody fusions were
transiently expressed by co-transfection of the heavy and light chain expressing vectors into CHO cells using
a polyethylenimine based method*. Supernatants were purified by affinity chromatography using a Protein A
MabSelectSure column (GE Healthcare) and compounds were analysed for aggregation and degradation by
SDS-PAGE and SEC-HPLC using a TSKgel G3000SWxl column (Tosoh Bioscience). Compounds used for in vivo
experiments were further purified by size exclusion chromatography using a HiLoad Superdex 200 pg column
(GE Healthcare) and further characterised for endotoxin level using the LAL Kinetic-QCL (Lonza) and integrity
by LC/MS using an Acquity UPLC system coupled to a Synapt G1 mass spectrometer (Waters).

Cell lines. Stable CHO cell lines expressing human and mouse GLP-1R were generated in-house using
standard methods as previously described*. Human GLP-1R CHO cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% foetal bovine serum (FBS), 0.5 mg/mL geneticin and
0.4 mg/mL hygromycin. Mouse GLP-1R CHO cells were cultured in Hams F12/DMEM (1:1) with L-glutamine
(Invitrogen) supplemented with 10% FBS and 0.8 mg/mL geneticin. MIN6 mouse insulinoma cells were
licenced from University of Osaka to AstraZeneca and were cultured in DMEM supplemented with 10% FBS
and 50 uM 2-mercaptoethanol. Cells were frozen as 1 mL aliquots containing 1-1.5 x 107 cells and separate ali-
quots were used for individual cAMP accumulation experiments. HepG2 cells were purchased from ECACC and
were cultured in Minimum Essential Medium supplemented with 10% FBS and 1% non-essential amino acids
(Invitrogen).

CyclicAMP accumulation assay.  Potency of peptide-antibody fusions at the GLP-1 receptor was assessed
using a cAMP accumulation assay. CHO cells expressing human GLP-1R were dispensed at 1 x 10° cells/
mL in assay buffer (Hanks Balanced Salt Solution containing 0.1% BSA (Sigma-Aldrich) and 0.5 mM IBMX
(Sigma-Aldrich)) in 384-well assay plates (5 uL per well) before adding dilutions of tested compounds prepared
by a manual tip-based method. After 30 min incubation, cAMP levels were measured using the cAMP dynamic 2
HTRE® kit (Cisbio) following manufacturer’s recommendations. Fluorescence emissions at 665 nm and 620 nm
following excitation at 320 nm were detected using an Envision reader (Perkin Elmer) and data were transformed
to % Delta F as described in manufacturer’s guidelines. Compound potency in CHO cells expressing mouse
GLP-1R or MING cells were determined as reported previously*® using a non-contact acoustic dispensing method
for compound dilution.

PCSKS9 binding assay. Binding of peptide—antibodg fusions to human PCSK9 were compared to their
respective anti-PCSK9 antibody partners using a HTRF® epitope competition assay. Each anti-PCSK9 mAb
was labelled with DyLight-650 fluorophore (Thermo Fisher Scientific). Recombinant human PCSK9 with an
N-terminal Avi-tag (in-house) was biotinylated using the biotin ligase BirA (Avidity LLC) as per the manufactur-
er’s instructions. Titration of peptide-antibody fusions or unlabelled anti-PCSK9 mAbs were prepared in assay
buffer (1X PBS, 0.1% BSA and 0.4 M Potassium Fluoride) and transferred to 384-well assay plates. Samples were
incubated for 4h with 1 nM streptavidin cryptate (Cisbio), 0.05-0.5nM of biotinylated PCSK9 and 0.1-2 nM of
labelled anti-PCSK9 antibody. Fluorescence was read out as described above and results were expressed as percent
of specific binding.

LDL-cholesterol uptake by HepG2 hepatic cells. Ability of anti-PCSK9 antibodies and
peptide-antibody fusions to block PCSK9 activity and restore LDL-C uptake was tested in vitro by plating in
96-well plates 2 x 10* HepG2 cells per well in DMEM medium supplemented with 10% lipoprotein deficient
serum and cultured overnight. Tested compounds were pre-incubated for 1h with 45 nM of human PCSK9 before
being transferred to the cell plates. After 1h, 50 nM of Bodipy LDL-C (Molecular Probes) was next added to the
cells followed by a 5h incubation. Cells were washed thoroughly with PBS, stained with the nuclear dye Hoescht
and fixed using 3.7% formaldehyde. Assay plates were read for cell-associated fluorescence using a Cellomics
ArrayScan VTi (Thermo Scientific) high content imaging system.

Animal studies. All rodent studies were approved either by the Géteborg Preclinical Ethical Committee
for AstraZeneca (Sweden), the Institutional Animal Care and Use Committee at MedImmune (Gaithersburg,
MD, USA) in accordance with US Animal Welfare Act guidelines, Home Office licences for studies performed at
MedImmune (Cambridge, UK), or under personal licenses issued by the Danish Committee for Animal Research
for studies performed at Gubra (Horsholm, Denmark).

Cynomolgus monkeys were obtained by a certified provider and the study was subjected to the provisions of
the United Kingdom Animals Act 1986 and under UK Home Office licence.

Single-dose study in diet-induced obese (DIO) mice. Male C57Bl/6 mice (Jackson Labs; 20-21 weeks
of age), maintained on a 60% kcal/fat diet (Research Diets) for 15 weeks, were singly housed upon arrival and
allowed to acclimatize for 3 weeks. Mice were randomized to one of the four treatment groups (n=10/group)
based on body weight and 6 h-fasted glucose measured on day -4: control antibody (10 mg/kg), MEDI4166
(10mg/kg) or Ab#2.1_EX4 (10 or 30 mg/kg). Test compounds were administered subcutaneously following a
2h fast on day 0. Fasting glucose measurements were recorded 4 h post-injection (day 0) as well as on day 7,
10, 14, and 21. An intraperitoneal glucose tolerance test (IPGTT) was performed on days 0 and 10. Additional
mice (n=3/group) were administered with MEDI4166 at 10 mg/kg or Ab#2.1_EX4 at 10 or 30 mg/kg to deter-
mine human Fc and GLP-1R active compound concentrations by taking blood samples at the following times
post-dosing: 2h, 4h, 8h, 1, 3,7, 14 and 21 days.
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Repeat-dose study in diet-induced obese mice. Male DIO mice, maintained on a 60% kcal/fat diet for
15 weeks, were switched to 45% kcal/fat diet for 3 weeks prior to randomization to study groups. On day -1, mice
had body composition measured. On day 0, baseline body weight (47.9g £ 0.2) and food intake were recorded.
Mice were randomized to four treatment groups (n = 8/group) to receive either vehicle (PBS), or MEDI4166 (3,
10 or 30 mg/kg), dosed subcutaneously once per week. Body weight and food intake were recorded three times
per week. On day 26, mice were subjected to a final body composition assessment. Mice were fasted overnight
before recording glucose on day 28 then euthanized by CO, inhalation and terminal blood collected via cardiac
puncture to analyse clinical chemistry parameters.

Repeat-dose study in diabetic db/db mice. Male db/db (BKS.Cg-m-+/+Leprdb/]) mice (Charles River;
5-6 weeks old) were group housed and acclimatized for 34 days with ad libitum access to normal chow prior to
the study. On day -6, mice were randomized into four groups (n=12/group): vehicle (PBS), or MEDI4166 (3,
10 or 30 mg/kg). Vehicle or MEDI4166 was dosed subcutaneously once weekly. Blood samples for measuring 4h
fasting blood glucose were collected at treatment day -1, 8, 16, 22, and 27. An IPGTT was performed on study day
22 at around 24 h after dosing.

Single-dose study in lean cynomolgus monkeys. Male cynomolgus monkeys (2 to 5 years old and
weighing between 2.1 to 3.5kg) were group housed (3 per cage) and acclimatized for at least 4 weeks prior to the
study. Animals were allowed access to water ad libitum and fed on a standard dry diet (Formula 2050 containing
20% crude protein, 5.4% fat, 40.1% carbohydrate, 8.1% crude fiber, 18.4% neutral detergent fiber and 6.1% ash -
Teklad Diets, Madison WI) supplemented with biscuits and fresh fruits. Bodyweight was recorded twice a week
during the pre-treatment period, daily during the first week of the treatment and twice a week thereafter. Food
consumption was recorded daily. On day 0, animals (n = 3/groups) received a single intravenous (i.v.) dose of
MEDI4166 at 1 or 5mg/kg or a single subcutaneous (s.c.) dose of MEDI4166 at 10 or 100 mg/kg. Blood samples
were taken at the following times in relation to dosing: Predose (day 0) for all 4 groups then 5min, 6h, 1, 3,5, 6,7,
8,9, 10, 12 and 30 days for the 1 mg/kg (i.v.) group; 5min, 6h, 1, 3, 5,7, 9, 12, 18, 24, 27 and 30 days for the 5mg/
kg (i.v.) group; 2h,6h, 12h, 1, 3, 5, 6, 8, 12, 18, 24 and 30 days for both the 10 mg/kg and 100 mg/kg (s.c.) groups.
Blood samples were processed to either plasma (LDL-C analysis) or serum (human Fc, free PCSK9 and GLP-1R
active compound analysis).

Pharmacokinetic studies. Human antibody Fc concentrations were quantified by a generic sandwich
immunoassay method on the Gyrolab platform. Compounds and standards were captured by a biotinylated
monoclonal anti-human IgG1 antibody at 100 ug/mL (in-house) and detected by an Alexa-labelled monoclo-
nal anti-human IgG1 antibody at 10 nM (The Binding Site) on a Gyrolab Bioafty 200 CD platform (Gyros AB).
Analysis was performed using the Gyrolab Evaluator software.

Concentrations of GLP-1R active compound were measured using an ex-vivo cAMP cell-based assay. Dosing
solutions at known concentration were spiked into plasma or serum and used as standard. Samples and standards
were serially diluted in assay buffer and tested for cAMP accumulation in CHO cells expressing human GLP-1R
as described above. Concentration values were back calculated based on the standard signals and PK parameters
were estimated by non-compartmental analysis using Phoenix WinNonlin version 6.3 (Certara). GLP-1R active
compound concentrations in cynomolgus monkey serum samples were normalised for Fc concentrations at the
first time-point.

Plasma LDL-cholesterol and free PCSK9 measurement in cynomolgus monkey.  Free PCSK9 lev-
els in cynomolgus monkey serum were quantified by a sandwich immunoassay method on the Gyrolab platform.
Free PCSKO9 in standards, controls and samples was captured by a biotinylated monoclonal anti-human PCSK9
antibody at 100 ug/mL (in-house) and detected by an Alexa-labelled PCSK9 Affinity Purified PAb antibody at
30nM (R&D Systems) on a Gyrolab Bioaffy 1000 CD platform (Gyros AB). Analysis was performed using the
Gyrolab Evaluator software.

Plasma LDL-C levels were conducted by the Department of Biomarkers, Bioanalysis and Clinical Sciences,
Envigo, on a Roche P Modular Analyser (Roche Diagnostics).

Statistical analysis. Graphical presentations, calculations and statistical analyses were carried out with
GraphPad Prism software (San Diego, CA, USA). Results are expressed as mean =+ standard error of the mean
(SEM) unless otherwise stated. In vivo data were analysed with a two-way ANOVA followed by Tukey’s post-hoc
test (fasted glucose levels, ipGTT glucose excursion, body weight and food intake) or a one-way ANOVA followed
by Dunnett’s or Tukey’s post-hoc test (glucose AUC, terminal fat and clinical chemistry data). In all cases, p < 0.05
was considered significant.

Data Availability
All data supporting the findings of this study are available within the article and its Supplementary Information
file, or are available from the authors upon reasonable request.

References
1. Standards of Medical Care in Diabetes-2017. Summary of Revisions. Diabetes care 40, S4-S5 (2017).
2. Camara, S., Bouenizabila, E., Hermans, M. P,, Ahn, S. A. & Rousseau, M. F. Novel determinants preventing achievement of major
cardiovascular targets in type 2 diabetes. Diabetes & metabolic syndrome 8, 145-151 (2014).
3. Campbell, J. E. & Drucker, D. J. Pharmacology, physiology, and mechanisms of incretin hormone action. Cell metabolism 17,
819-837 (2013).

SCIENTIFICREPORTS|  (2018) 8:17545 | DOI:10.1038/541598-018-35869-4 12



www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45.

. Uccellatore, A., Genovese, S., Dicembrini, I., Mannucci, E. & Ceriello, A. Comparison Review of Short-Acting and Long-Acting

Glucagon-like Peptide-1 Receptor Agonists. Diabetes Ther 6, 239-256 (2015).

. Marso, S. P. et al. Liraglutide and Cardiovascular Outcomes in Type 2 Diabetes. The New England journal of medicine 375, 311-322

(2016).

. Marso, S. P. et al. Semaglutide and Cardiovascular Outcomes in Patients with Type 2 Diabetes. The New England journal of medicine

375, 1834-1844 (2016).

. Duff, C.J. & Hooper, N. M. PCSK9: an emerging target for treatment of hypercholesterolemia. Expert opinion on therapeutic targets

15, 157-168 (2011).

. Navarese, E. P. et al. Effects of Proprotein Convertase Subtilisin/Kexin Type 9 Antibodies in Adults With Hypercholesterolemia: A

Systematic Review and Meta-analysis. Ann Intern Med 163, 40-51 (2015).

. Kiyosue, A. et al. A Phase 3 Study of Evolocumab (AMG 145) in Statin-Treated Japanese Patients at High Cardiovascular Risk. Am

J Cardiol 117, 40-47 (2016).

Sabatine, M. S. et al. Evolocumab and Clinical Outcomes in Patients with Cardiovascular Disease. New England Journal of Medicine
376, 1713-1722 (2017).

Willard, E. S. & Sloop, K. W. Physiology and emerging biochemistry of the glucagon-like peptide-1 receptor. Exp Diabetes Res 2012,
470851 (2012).

Glaesner, W. et al. Engineering and characterization of the long-acting glucagon-like peptide-1 analogue LY2189265, an Fc fusion
protein. Diabetes Metab Res Rev 26, 287-296 (2010).

Goke, R. et al. Exendin-4 is a high potency agonist and truncated exendin-(9-39)-amide an antagonist at the glucagon-like peptide
1-(7-36)-amide receptor of insulin-secreting beta-cells. The Journal of biological chemistry 268, 19650-19655 (1993).

Neidigh, J. W., Fesinmeyer, R. M., Prickett, K. S. & Andersen, N. H. Exendin-4 and glucagon-like-peptide-1: NMR structural
comparisons in the solution and micelle-associated states. Biochemistry 40, 13188-13200 (2001).

Chabenne, J. R., DiMarchi, M. A., Gelfanov, V. M. & DiMarchi, R. D. Optimization of the native glucagon sequence for medicinal
purposes. Journal of diabetes science and technology 4, 1322-1331 (2010).

Lynch, A. M. et al. A novel DPP IV-resistant C-terminally extended glucagon analogue exhibits weight-lowering and diabetes-
protective effects in high-fat-fed mice mediated through glucagon and GLP-1 receptor activation. Diabetologia 57, 1927-1936
(2014).

Runge, S., Thogersen, H., Madsen, K., Lau, J. & Rudolph, R. Crystal structure of the ligand-bound glucagon-like peptide-1 receptor
extracellular domain. The Journal of biological chemistry 283, 11340-11347 (2008).

Sun, E et al. Impact of GLP-1 receptor agonists on major gastrointestinal disorders for type 2 diabetes mellitus: a mixed treatment
comparison meta-analysis. Exp Diabetes Res 2012, 230624 (2012).

Deacon, C. E. et al. Dipeptidyl peptidase IV resistant analogues of glucagon-like peptide-1 which have extended metabolic stability
and improved biological activity. Diabetologia 41, 271-278 (1998).

. Sachdeva, S. Peptides as ‘Drugs’: The Journey so Far. International Journal of Peptide Research and Therapeutics 23, 49-60 (2016).

. Ecker, D. M., Jones, S. D. & Levine, H. L. The therapeutic monoclonal antibody market. MAbs 7, 9-14 (2015).

. Garber, K. Bispecific antibodies rise again. Nat Rev Drug Discov 13, 799-801 (2014).

. Picha, K. M. et al. Protein engineering strategies for sustained glucagon-like peptide-1 receptor-dependent control of glucose

homeostasis. Diabetes 57, 1926-1934 (2008).

Shimamoto, G., Gegg, C., Boone, T. & Queva, C. Peptibodies: A flexible alternative format to antibodies. MAbs 4, 586-591 (2012).
Doppalapudi, V. R. et al. Chemical generation of bispecific antibodies. Proceedings of the National Academy of Sciences of the United
States of America 107, 22611-22616 (2010).

Wang, Y. et al. Multifunctional Antibody Agonists Targeting Glucagon-like Peptide-1, Glucagon, and Glucose-Dependent
Insulinotropic Polypeptide Receptors. Angew Chem Int Ed Engl 55, 12475-12478 (2016).

Kanakaraj, P. et al. Simultaneous targeting of TNF and Ang2 with a novel bispecific antibody enhances efficacy in an in vivo model
of arthritis. MAbs 4, 600-613 (2012).

LaFleur, D. W. et al. Monoclonal antibody therapeutics with up to five specificities: functional enhancement through fusion of
target-specific peptides. MAbs 5, 208-218 (2013).

Zhong, X. et al. Pyroglutamate and O-linked glycan determine functional production of anti-IL17A and anti-IL22 peptide-antibody
bispecific genetic fusions. The Journal of biological chemistry 288, 1409-1419 (2013).

Dorai, H. et al. Characterization of the proteases involved in the N-terminal clipping of glucagon-like-peptide-1-antibody fusion
proteins. Biotechnology progress 27, 220-231 (2011).

Vugmeyster, Y., Zhang, Y. E., Zhong, X., Wright, J. & Leung, S. S. Pharmacokinetics of anti-IL17A and anti-IL22 peptide-antibody
bispecific genetic fusions in mice. Int Immunopharmacol 18, 225-227 (2014).

Ni, Y. G. et al. A PCSK9-binding antibody that structurally mimics the EGF(A) domain of LDL-receptor reduces LDL cholesterol in
vivo. ] Lipid Res 52, 78-86 (2011).

Rovo, P. et al. Rational design of alpha-helix-stabilized exendin-4 analogues. Biochemistry 53, 3540-3552 (2014).

Mentlein, R. Mechanisms underlying the rapid degradation and elimination of the incretin hormones GLP-1 and GIP. Best Pract Res
Clin Endocrinol Metab 23, 443-452 (2009).

Sinclair, A. M. & Elliott, S. Glycoengineering: the effect of glycosylation on the properties of therapeutic proteins. ] Pharm Sci 94,
1626-1635 (2005).

Li, Y., Zheng, X., Tang, L., Xu, W. & Gong, M. GLP-1 analogs containing disulfide bond exhibited prolonged half-life in vivo than
GLP-1. Peptides 32, 1303-1312 (2011).

Stein, E. A. et al. Effect of a monoclonal antibody to PCSK9, REGN727/SAR236553, to reduce low-density lipoprotein cholesterol in
patients with heterozygous familial hypercholesterolaemia on stable statin dose with or without ezetimibe therapy: a phase 2
randomised controlled trial. The Lancet 380, 29-36 (2012).

Farnier, M. Proprotein convertase subtilisin kexin type 9 inhibitors: update from clinical trials to real-world experience. Curr Opin
Lipidol 27, 597-604 (2016).

Umpierrez, G., Tofe Povedano, S., Perez Manghi, E, Shurzinske, L. & Pechtner, V. Efficacy and safety of dulaglutide monotherapy
versus metformin in type 2 diabetes in a randomized controlled trial (AWARD-3). Diabetes care 37, 2168-2176 (2014).

Chan, J. C. et al. A proprotein convertase subtilisin/kexin type 9 neutralizing antibody reduces serum cholesterol in mice and
nonhuman primates. Proceedings of the National Academy of Sciences of the United States of America 106, 9820-9825 (2009).
Zhang, L. et al. An anti-PCSK9 antibody reduces LDL-cholesterol on top of a statin and suppresses hepatocyte SREBP-regulated
genes. International journal of biological sciences 8, 310-327 (2012).

Liang, H. et al. Proprotein convertase substilisin/kexin type 9 antagonism reduces low-density lipoprotein cholesterol in statin-
treated hypercholesterolemic nonhuman primates. J Pharmacol Exp Ther 340, 228-236 (2012).

Bauer, S. A., Arndt, T. P, Leslie, K. E., Pearl, D. L. & Turner, P. V. Obesity in rhesus and cynomolgus macaques: a comparative review
of the condition and its implications for research. Comparative medicine 61, 514-526 (2011).

Wagner, J. E. et al. Old world nonhuman primate models of type 2 diabetes mellitus. ILAR journal 47, 259-271 (2006).

Heppner, K. M. et al. Expression and distribution of glucagon-like peptide-1 receptor mRNA, protein and binding in the male
nonhuman primate (Macaca mulatta) brain. Endocrinology 156, 255-267 (2015).

SCIENTIFICREPORTS|  (2018)8:17545 | DOI:10.1038/s41598-018-35869-4 13



www.nature.com/scientificreports/

46. Persic, L. et al. An integrated vector system for the eukaryotic expression of antibodies or their fragments after selection from phage
display libraries. Gene 187, 9-18 (1997).

47. Geisse, S. & Voedisch, B. Transient expression technologies: past, present, and future. Methods in molecular biology (Clifton, N.J.)
899,203-219 (2012).

48. Henderson, S. J. et al. Robust anti-obesity and metabolic effects of a dual GLP-1/glucagon receptor peptide agonist in rodents and
non-human primates. Diabetes Obes Metab 18, 1176-1190 (2016).

Acknowledgements

We would like to thank Jatinder Dhillon and the MedImmune Biologics Expression and Early Expression
and Supply teams for generating the peptide-antibody fusions, Sarah Will and Arthur Suckow (MedImmune
LLC, Gaithersburg, MD, USA), Dominic Corkill (MedImmune Ltd, Cambridge, UK), Michael Feigh (Gubra,
Horsholm, Denmark), the MedImmune and AstraZeneca in vivo science teams for assistance in the design and
conduct of rodent studies, Joerg Bluemel (MedImmune LLC, Gaithersburg, MD, USA) for supervising the non-
human primate study as well as Nicholas Bhagroo (MedImmune LLC, Gaithersburg, MD, USA) for performing
the in vitro glucose-stimulated insulin secretion assay. We also wish to thank Peter Ravn (MedImmune Ltd,
Cambridge, UK) for intellectual input into GLP-1 analogue peptide stabilization, Bojana Popovic and Daniel
Cannon (MedImmune Ltd, Cambridge, UK) for generating and analysing the peptide homology model, Adrian
Podmore (MedImmune Ltd, Cambridge, UK) for conducting the aggregation and stability testing, Richard Kay
(LGC, Fordham, UK) for conducting the mass spectrometry metabolites identification work, Marcella Petrone
and John Hood (MedImmune Ltd, Cambridge, UK) for performing PK-PD simulations and analysis as well as
Christopher Rhodes (MedImmune LLC, Gaithersburg, MD, USA) for his critical review of this manuscript.

Author Contributions

M.C., AJ.C,].G., AX,PD, D.E,LJ,JN., N.W,J.CS., KD, BK.,J.S, ER, D.CH., J.L.T, N.J.B., T.B.L. and A.B.
conceived, designed and/or executed experiments, analysed and interpreted data, generated figures, and were
involved in data discussions. T.V., C.M.R. and J.K.O. were involved in data discussions and interpretation. M.C.,
J.G. and A K. wrote the manuscript. All authors critically reviewed and approved the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-35869-4.

Competing Interests: All authors, with the exception of A.J.C., AKX, D.E, ER.,,K.D,, LJ. and T.B.L., are employees
of the AstraZeneca group of companies. A.J.C., AK,, D.E, ER., K.D,, L.J. and T.B.L. are former employees of
MedImmune, a company of the AstraZeneca group. All authors may have stocks/stock options in AstraZeneca.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS|  (2018) 8:17545 | DOI:10.1038/541598-018-35869-4 14


http://dx.doi.org/10.1038/s41598-018-35869-4
http://creativecommons.org/licenses/by/4.0/

	Engineering of a GLP-1 analogue peptide/anti-PCSK9 antibody fusion for type 2 diabetes treatment

	Results

	Dual function of GLP-1 receptor agonist peptide and anti-PCSK9 antibody fusions. 
	Engineering peptide stability to generate sustained in vivo GLP-1R activation. 
	Engineering peptide-antibody fusion molecules with reduced GLP-1R potency. 
	Identification of the peptide-antibody fusion MEDI4166. 
	MEDI4166 demonstrates extended glucose control, delays development of diabetes and reduces obesity in rodent models. 
	MEDI4166 efficiently suppresses PCSK9 and reduces LDL-cholesterol in cynomolgus monkey. 

	Discussion

	Methods

	Peptide-antibody fusion constructs. 
	Peptide-antibody fusion production. 
	Cell lines. 
	Cyclic AMP accumulation assay. 
	PCSK9 binding assay. 
	LDL-cholesterol uptake by HepG2 hepatic cells. 
	Animal studies. 
	Single-dose study in diet-induced obese (DIO) mice. 
	Repeat-dose study in diet-induced obese mice. 
	Repeat-dose study in diabetic db/db mice. 
	Single-dose study in lean cynomolgus monkeys. 
	Pharmacokinetic studies. 
	Plasma LDL-cholesterol and free PCSK9 measurement in cynomolgus monkey. 
	Statistical analysis. 

	Acknowledgements

	﻿Figure 1 Dual activity of GLP-1 receptor agonist peptide and anti-PCSK9 antibody fusions.
	Figure 2 Stability engineering of GLP-1 analogue peptides in fusion with anti-PCSK9 Ab#2.
	Figure 3 Optimising aggregation profile of disulphide bridge exendin-4 in anti-PCSK9 fusion.
	Figure 4 Optimising GLP-1R potency of disulphide bridge DSB#7 peptide in antibody fusion.
	Figure 5 Glucose control and weight loss induced by MEDI4166 in mouse models of diabetes and obesity.
	﻿Figure 6 MEDI4166 anti-PCSK9 activity and exposure profiles in lean cynomolgus monkey following single injection.




