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Abstract

Type 2 diabetes is a rapidly growing disease that poses a significant burden to the United States
healthcare system. Despite the many available treatments for the disease, close to half of
diagnosed type 2 diabetes cases are not properly managed, largely due to inadequate patient
adherence to prescribed treatment regimens. Methods for improving delivery — and thereby
easing administration — of type 2 drugs have the potential to greatly improve patient health. This
review focuses on two peptide drugs — insulin and glucagon-like peptide 1 (GLP-1) — for
treatment of type diabetes. Peptide drugs offer the benefits of high potency and specificity but pose
a significant delivery challenge due to their inherent instability and short half-life. The
development of insulin and GLP-1 analogs highlights the broad spectrum of drug delivery
strategies that have been used to solve these problems. Numerous structural modifications and
formulations have been introduced to optimize absorption, residence time, stability, route of
delivery and frequency of administration. Continual improvements in delivery methods for insulin
and GLP-1 receptor agonists are paving the way towards better patient compliance and improved
disease management, and thereby enhanced patient quality of life.
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INTRODUCTION

Nearly 30 million people in the United States are diabetic, and in 2012 alone, an additional
1.7 million new cases were diagnosed[1], underscoring both the significant health burden
and the rapidly growing nature of the disease. Type 2 diabetes accounts for the majority of
newly diagnosed cases of diabetes, and is characterized by insulin insensitivity and an
inability of pancreatic beta cells to produce enough insulin to adequately control blood
glucose levels. Persistent hyperglycemia, a hallmark of both diabetes types, can lead to a
host of complications including microvascular damage, cardiovascular disease, retinopathy,
neuropathy, and kidney failure[1].

Risk factors for type 2 diabetes include obesity, sedentary lifestyle, and tobacco use; thus,
initial treatment commonly consists of lifestyle changes. If hyperglycemia persists,
pharmacological therapy is initiated. Treatment regimens for type 2 diabetes aim to reduce
blood glucose levels while avoiding hypoglycemia, and will vary depending on the disease
pathogenesis as well as family history and health status of the patient. Pharmacological
intervention generally begins with metformin, and can progress to include a second or third
glucose-lowering agent, including sulfonylureas, thiazolidinediones, sodium-glucose
transporter-2 inhibitors, DPP-1V inhibitors and glucagon-like peptide 1 (GLP-1) receptor
agonists[2]. Type 2 diabetics with persisting severe hyperglycemia will eventually
incorporate insulin into their therapeutic regimens[2].

The efficacy of a diabetic treatment strategy is evaluated by the degree of long-term
glycemic control achieved and is approximated by the level of glycosylated hemoglobin
(HbAL,). Diabetes is diagnosed when HbAL, levels exceed 6.5%[3], and this value remains
a stringent goal for adults newly diagnosed with type 2 diabetes, though a 7 — 8% HbA1.
target may be more appropriate for patients with advanced disease[2, 4]. However, it is
estimated that 40-50% of type 2 diabetics fail to achieve their individualized HbA1,
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goals[5], suggesting inadequacies in available therapies. In fact, it is lack of patient
adherence to devised treatment regimens that remains one of the largest obstacles in
achieving glycemic control, and not necessarily a lack of drug efficacy. Until a treatment
emerges that can permanently restore effective insulin production and utilization in the body,
strategies to improve delivery of available type 2 diabetes drugs, and thus ease
administration, have the potential to greatly improve the health of patients.

This review focuses on the two type 2 diabetes drugs that are most relevant to the field of
drug delivery: insulin and GLP-1 receptor agonists, and both have interesting stories to tell.
Insulin is nearly a century old and yet remains a crucial end-of-the-line treatment for type 2
diabetics, while GLP-1 was recently discovered and has opened up a new avenue for type 2
drugs due to its weight /owering effects and minimal risk of hypoglycemia. Both are peptide
drugs, which sets them apart from all other type 2 diabetes drugs, and both provide the
benefits of high potency and specificity. Peptide drugs, however, pose a significant delivery
challenge due to their instability, short half-life, and susceptibility to degradation.
Consequently, a significant amount of effort has been dedicated to design insulin and GLP-1
analogs to enhance their efficacy and safety as well as optimize their route —and frequency
— of administration.

INSULINS

In 1921 Frederick Banting and Charles Best first extracted insulin from the pancreas of cows
and pigs, and turned type 1 diabetes from a lethal condition into a manageable disease. In an
effort to prevent any single entity from monopolizing the supply of insulin, they patented
their extraction process, but Banting and Best eventually merged with Eli Lilly when the
demand for insulin surpassed their laboratory production limits[6].

While bovine and porcine insulins were monumentally lifesaving, their short duration of
action required frequent injections and resulted in alternating states of hyperglycemia and
hypoglycemia[7]. The first set of major formulation improvements came from Hans
Christian Hagedorn at Nordisk Insulin Laboratories in the 1930s and 40s. Hagedorn's work
was based on the principle that a protein is least soluble at a pH equal to its isoelectric point
(pD); insulin has a pl of 5.2, and is therefore reasonably soluble at physiological pH (7-7.5).
Hagedorn found that combining insulin with the highly basic proteins, protamines, moved
the combined pl closer to physiological pH, thus causing the protein mixture to precipitate
upon injection[7]. Further experiments found that the addition of zinc resulted in protamine-
insulin crystals that could be combined with unmodified fast-acting insulin in the same
syringe[7]. This intermediate-acting insulin formulation, later termed neutral protamine
Hagedorn (NPH), required less frequent injections and was one of the first examples of a
controlled release system in the field of drug delivery[7].

The next notable milestone in insulin formulation came with the advent of recombinant
DNA technology. Despite advances in purification techniques, animal insulin continued to
elicit mild allergic reactions and occasional immunological responses[8]. In 1978 Genentech
was the first to produce a recombinant human insulin[9], and shortly thereafter, Eli Lilly
gained Food and Drug Administration (FDA) approval for its recombinant human insulin
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“Humulin.” Eli Lilly subsequently released a recombinant version of NPH, and Novo
Nordisk later followed with its own recombinant human insulin and NPH.

Human insulin and NPH became the standard prandial and basal insulin formulations used
in insulin replacement or supplementation regimens for type 1 and type 2 diabetics[10].
However, a prandial bolus of unmodified insulin produced a relatively delayed action onset
of 30-60 minutes[10], while NPH failed to adequately mimic endogenous basal insulin
secretion due to its peak of action four to seven hours post-administration[11]. Thus, both
formulations left room for improvement.

In the last two decades, many structural modifications have been made to control the
absorption and residence time of insulin. Ordinarily, drug delivery techniques aim solely to
sustain the release and duration of action of a drug; insulin is unique in that it has been
engineered to both shorten and lengthen its glucose-lowering action. An overview of
currently approved insulin analogs and associated durations of action are provided in Table
1, and expanded upon in the following sections.

Fast-Acting Insulin Analogs

Native human insulin is produced by pancreatic beta cells and, before secretion, undergoes
post-translational processing to form a 21-amino acid A chain linked via disulfide bonds to a
30-amino acid B chain (Fig. 1). The disulfide-linked monomer is the bioactive form of
insulin, but monomers can associate into dimers, and dimers can further associate into
hexamers in the presence of zinc ions[16].

Endogenous insulin is secreted directly into circulation where it can act on target tissues,
primarily muscle and adipose. In contrast, therapeutically administered insulin is injected
into the subcutaneous (s.c.) space where it must undergo sufficient absorption and dilution
for dissociation into the monomeric (functional) state[17]. Thus, design of fast-acting insulin
analogs generally strives to speed up absorption into systemic circulation and subsequent
dilution such that their pharmacodynamic profile mimics endogenous prandial insulin as
closely as possible. All mutations designed to enhance absorption by preventing higher order
insulin monomer associations target amino acid residues in the B chain (Fig.1). This is due
to the fact that formation of the insulin hexamer requires interactions between nonpolar
surfaces on the molecule, the majority of which consist only of residues from the B
chain[16].

Insulin lispro—The first insulin analog designed to speed up absorption was developed by
Eli Lilly and approved by the FDA in 1996. Insulin lispro, marketed as Humalog, swaps
ProB28 (denoting the proline in position 28 of the B chain) with LysB29, thereby inhibiting
the formation of dimers and hexamers. This modification mimics a Lys-Pro motif near the
C-terminus of insulin-like growth factor 1, a protein that is structurally similar to insulin but
resists dimerization[18]. A 10 unit (U) dose of insulin lispro is absorbed more than twice as
quickly and reaches a maximum concentration that is more than two-fold higher than native
insulin[19], resulting in a glucose-lowering action onset of approximately 15 minutes[10].
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Insulin aspart—The second rapid-acting insulin analog to enter the market was Novo
Nordisk's insulin aspart, branded as NovoLog. A ProB28Asp substitution inhibits hexamer
formation through charge repulsion between dimers[20], as well as slightly reduces the pl to
increase solubility at physiological pH[21]. A 0.1 U/kg dose of insulin aspart displays
pharmacokinetic and pharmacodynamic profiles similar to those of insulin lispro[10, 22].

Insulin glulisine—Sanofi's insulin glulisine was the third fast-acting insulin analog to
enter the market. A LysB29GIlu mutation is employed to slightly decrease the pl, thereby
increasing solubility upon injection[21], while an additional AsnB3Lys mutation disrupts a
stabilizing conformational change within the hexamer cluster that is ordinarily induced by
antimicrobial preservatives present in insulin drug formulations[21, 23]. This destabilizing
feature promotes dissociation of the analog into the functional monomer form, which may
account for absorption of insulin glulisine occurring approximately 10 minutes faster than
absorption of insulins lispro and aspart (each injected at 0.15 U/kg)[24].

Ultra-fast-acting insulin analogs—Despite label instructions to administer insulin
analogs 0 to 15 minutes before a meal (0 to 10 minutes for insulin aspart), data suggest that
rapid-acting analogs require more than 15 minutes to properly control post-prandial
glycemia[25]. Increased dietary planning requirements can introduce patient compliance
issues and, therefore, even faster acting analogs may be desirable. Novo Nordisk announced
the completion of Phase llla trials in March, 2015, for faster-acting insulin aspart (FIAsp)
[26]. The formula includes nicotinamide and arginine for the purpose of increasing the rate
of absorption upon injection and preventing excess protein degradation during storage[27].
Compared to current fast-acting insulin analogs on the market, FIAsp is intended to provide
prandial glucose control closer to that afforded by the endogenous insulin response[28].

Another approach for accelerating absorption is to facilitate faster absorption into systemic
circulation. Halozyme Therapeutics has completed Phase 1 clinical trials[29] for a faster-
acting insulin formulation that incorporates the hyaluronidase PH20 to degrade hyaluronan
in the s.c. space. Preliminary data show respective absorption times reduced by
approximately 10 minutes for insulins lispro, aspart, and glulisine, each injected at 0.15
U/kg[24].

Long-Acting Insulin Analogs

Insulin glargine—In 2000, Sanofi gained approval for the first basa/human insulin
analog. Insulin glargine, marketed as Lantus, has an AsnA21Gly mutation as well as two
Arg residues added to the C-terminus of the B chain[11]. Following a similar concept as
NPH, these modifications increase the pl such that upon s.c. injection, insulin glargine forms
insoluble hexamer aggregates that are slow to absorb[11].

This analog, when injected at 0.4 U/kg, has a flatter pharmacodynamic profile, lacking the 4
to 7 hour time-action peak classically seen with NPH[11]. In an efficacy study comparing
once-daily insulin glargine to twice-daily NPH in patients with type 2 diabetes (0.75 U/kg/
day), insulin glargine decreased nocturnal hypoglycemia by 25% compared to NPH, while
offering an approximately equivalent reduction in HbA1, levels (—0.41% versus —0.59% for
NPH group) [30]. A follow-up meta-analysis found a 46% reduction in severe hypoglycemia
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and a 59% reduction in severe nocturnal hypoglycemia in groups treated with insulin
glargine compared to those receiving NPH[31]. Note that incidence of hypoglycemia is
defined as percentage of patients reporting at least one hypoglycemic event. It is also worth
mentioning that insulin glargine is a clear solution while NPH is a cloudy suspension,
implying that all comparison trials have been open label.

Toujeo, a three-fold concentrated version of insulin glargine, was approved by the FDA in
February 2015. The increased concentration of Toujeo compared to insulin glargine offers a
smaller interfacial area for absorption upon s.c. injection and, theoretically, a slower rate of
release. Indeed, Toujeo administered at 0.4 U/kg has a prolonged pharmacodynamic profile,
controlling blood glucose in type 1 diabetics for up to 36 hours[32]. Efficacy studies
comparing once-daily Toujeo to once-daily insulin glargine treatment in type 2 diabetics (0.2
U/kg starting dose, adjusted to achieve a set fasting glucose level) resulted in equivalent
glycemic control (HbA1. reduced by 1.4%), with a 24% reduction in nocturnal
hypoglycemia among patients treated with the concentrated formulation[33].

Insulin detemir—The second long-acting insulin analog, insulin detemir, was developed
by Novo Nordisk and entered the market in 2005; it features a myristic acid molecule bound
to LysB29. Fatty acids radiate out of the hexamer structure and interact with each other to
form higher order dihexamer associations[34], further stabilizing the analog. The myristic
acid conjugation also allows reversible albumin binding, which can occur when insulin
detemir is in the monomer, dimer, hexamer, and dihexamer forms[35]. Interestingly, it is
believed that albumin binding in the interstitial space plays a larger role in prolonging the
action of insulin detemir than does albumin binding of the analog in circulation[35].

Compared to NPH (both administered at 0.3 U/kg), the time-action profile of insulin detemir
is not ideal, showing a distinct peak at 6 to 8 hours[36]. Additionally, there is little
correlation between the pharmacokinetic and pharmacodynamic profiles, possibly due to a
disproportionate amount of free versus albumin-bound drug[36]. A study comparing twice-
daily insulin detemir to twice-daily NPH in type 1 diabetics resulted in 50% and 18%
reduction in nocturnal and overall hypoglycemia, respectively, in the insulin detemir
group[37]. A similar study involving type 2 diabetics (starting dose 10 U/injection, adjusted
to achieve a set fasting glucose level) resulted in 55% and 47% reduction in nocturnal and
overall hypoglycemia, respectively, among patients receiving insulin detemir compared to
those receiving NPH, as well as less weight gain (1.2 kg compared to 2.8 kg in the NPH

group)[38].

Insulin degludec—Insulin degludec is an ultra-long-acting version of insulin detemir that
was originally rejected by the FDA in 2013 due to cardiovascular concerns. The drug,
branded as “Tresiba,” was resubmitted and received approval in September, 2015[39].
Insulin degludec has a hexadecanedioic acid conjugated to LysB29, allowing albumin
binding as well as the formation of multi-hexamers[40]. These higher order structures are
designed to remain soluble upon injection with the intention of producing a more predictable
time-action curve, since the absorption rate of insulin degludec should primarily depend on
dissociation into monomers rather than s.c. blood perfusion[40].
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Indeed, this analog, when administered at 0.6 U/kg, has very smooth pharmacokinetic and
pharmacodynamic profiles, as well as glucose-lowering effects that extend beyond 24
hours[41]. Meta-analyses comparing once-daily insulin degludec to once-daily insulin
glargine in type 1 diabetics showed equivalent glycemic control afforded by the two
treatments, with 25% and 30% reduction in nocturnal hypoglycemia among insulin degludec
groups in the respective studies[42, 43]. A similar meta-analysis involving type 2 diabetics
showed a 17% reduction in overall hypoglycemia and a 32% reduction in nocturnal
hypoglycemia among patients receiving insulin degludec compared to those receiving
insulin glargine, with comparable improvements in HbA1, levels between the two
groups[42].

PEGylated insulin lispro—Eli Lilly is developing an ultra-long acting insulin analog in
the form of PEGylated insulin lispro (LY2605541). Conjugation of 20 kDa PEG to LysB28
(resulting from the Pro-Lys residue exchange employed in insulin lispro) reduces renal
filtration and produces an analog with an impressive 36 hour time-action profile, when
administered at 0.67 U/kg[44]. In an efficacy study involving type 2 diabetics, treatment
with PEG-lispro (6 nmol per unit of pre-study basal insulin) resulted in glucose control
equivalent to that afforded by insulin glargine (7.0% ending HbAZ1. for PEG-lispro group
compared to 7.2% for insulin glargine)[45]. However, the PEG-lispro group showed a 48%
reduction in nocturnal hypoglycemia and a significant reduction in body weight (-0.6 kg
compared to +0.3 kg in glargine group)[45]—an especially desirable effect since most
insulin therapies cause weight gain. It is postulated that the action of PEG-lispro mimics that
of endogenous insulin by preferentially targeting the liver for stimulation of glucose
uptake[46]. Unfortunately, in February 2015, Eli Lilly announced a delay in submission of
LY2605541 to the FDA in order to thoroughly investigate reported increased clinical
incidences of liver fat deposition after treatment with the new formulation[47].

Novel Formulations

Inhaled insulin—A different approach to developing ultra-rapid-acting insulin is a drug
and device combination —Afrezza— developed by MannKind in partnership with Sanofi.
Powdered human insulin is adsorbed onto “Technosphere” particles consisting of fumaryl
diketopiperazine, which serves as an excipient[48]. The particles are 2-5 pm in size[48],
allowing entry into the lungs, where the excipient dissolves upon contact with alveoli and
insulin diffuses across the membranes[49]. Peak insulin concentrations in the serum occur
only 12-17 minutes after inhalation (20, 50, or 100 U doses) and peak glucose-lowering
activity occurs in under one hour compared to greater than two hours for 10 U s.c. injected
human insulin[48]. A downside to this technology is its lower bioavailability. Afrezza has a
bioavailability of 20 to 25%[48] compared to s.c. administered insulin, which has a
bioavailability of approximately 70%[50].

Afrezza entered the market in February 2015, and first and second quarter sales have been
disappointing. The inhaled insulin product comes with a warning label stating that Afrezza
should not be used in patients with lung disease or asthma. As a result, patients are required
to take a spirometry test to ensure proper lung function, necessitating a visit to a
pulmonologist and inevitably discouraging patient interest. However, Sanofi remains
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optimistic. Insurance coverage of Afrezza is increasing, as is advertisement of the product.
Sanofi is the only major pharmaceutical company pursuing inhaled insulin; Pfizer's Exubera
was pulled from the market in 2007 due to lack of demand among patients and physicians,
and both Eli Lilly and Novo Nordisk halted development of their respective inhaled insulin
products shortly thereafter.

Transbuccal insulin—Generex Biotechnology has developed a liquid spray of human
insulin, marketed as Oral-lyn, which is delivered via the inner lining of the cheek. Their
“RapidMist” technology aerosolizes emulsified insulin droplets greater than 10 pm in
diameter, preventing entry into the lungs[51], while the proprietary formulation contains
surfactants that facilitate transport of insulin across the buccal mucosa[52]. Peak insulin
concentrations in the serum occur 23 minutes following administration of a 150 U dose
compared to 83 minutes for s.c. injected human insulin (0.1 U/kg). Similarly, peak glucose-
lowering activity occurs after approximately 44 minutes for Oral-lyn versus 100 minutes for
injected insulin[53]. A Phase 111 clinical trial carried out in India involving type 2 diabetics
reported that a 0.48% reduction in HbA1. was achieved after 6 weeks of treatment with
Oral-lyn, while a statistically comparable reduction required 12 weeks of injected human
insulin treatment[54].

Oral-lyn is currently in Phase 11 trials in the United States. However, Generex halted
clinical trials in March, 2015, while they worked to increase the bioavailability of insulin in
their device for the purpose of reducing the required number of puffs[55]. The original
formulation had a bioavailability of approximately 10%, necessitating 10 puffs to deliver the
standard 10 U prandial dose[56]. The company announced in August, 2015, that they are
moving forward with clinical trials after achieving a four- to five-fold increase in the
concentration of insulin in the product, as well a five-fold improvement in insulin absorption
in dogs compared to the original formulation[57].

Oral insulin—Oral insulin is the Holy Grail that pharmaceutical companies are racing to
attain. Not only would oral insulin be needle-free but, like endogenous insulin, it would
enter the hepatic portal system before reaching systemic circulation. Subcutaneously
injected insulin stimulates glucose uptake by the liver, but the effect is enhanced when
insulin is delivered via the portal vein[7]. While oral insulin is a potential therapeutic for
type 1 diabetics, the technology is especially geared towards treating type 2 patients. Most
type 2 diabetics will eventually require insulin therapy, but this step generally gets delayed,
putting the patient at risk for hyperglycemia-induced vascular damage not clinically
detectable without further testing. Guidelines, however, are changing to encourage
introduction of insulin therapy at an earlier stage of disease progression[4], and an orally
administered insulin option could ease resistance on the patient's end.

Attempts at developing oral insulin formulations have been thwarted by the acidic
environment of the stomach, peptide-cleaving enzymes in the digestive tract, and the
permeation-resistant intestinal wall. Some groups are investigating the use of nanocarriers to
protect orally administered peptide drugs during digestion and aid in their absorption via
strategically designed coatings and moieties on the nanoparticle corona. Pridgen et al/ have
attempted to enhance permeation of the intestinal wall by targeting nanoparticles to the
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neonatal Fc receptor (FCRn), which is expressed on epithelial cells in the small intestine and
colon. They designed a nanoparticle-forming block copolymer consisting of poly(lactic
acid)-&-poly(ethylene glycol) conjugated to the Fc fragment of 1gG[58], which binds with
high affinity to FcRn at acidic pH. Insulin is loaded into the core of the nanoparticle, which,
upon reaching the acidic portion of the intestine, is transported across the epithelium via
receptor-mediated endocytosis and subsequently releases its biologically active contents into
systemic circulation. Oral administration of 1.1 U/kg of 0.5 wt % insulin-loaded
nanoparticles to fasted wild type mice induced a significant hypoglycemic response that
persisted for 10 hours[58].

Other nanoparticle-based strategies for enhancing oral delivery of insulin have employed
coatings containing the polysaccharide chitosan[59], which interacts with the membrane
protein responsible for forming tight junctions, thereby increasing paracellular permeability,
as well as nanoparticles displaying goblet cell-targeting peptides to promote endocytosis
across the intestinal epithelium[60]. Such technologies, however, continue to suffer from low
oral bioavailability. A comprehensive review regarding the current state of nanoparticle-
based insulin delivery is provided by Sharma et a[59].

Many attempts by Novo Nordisk to develop an insulin pill have failed during clinical testing,
but their lead candidate—Insulin 338— has advanced to Phase 1l trials[61]. The formulation
involves an enteric coating to protect the insulin analog from low pH in the stomach, and
employs gastrointestinal permeation enhancement technology (GIPET), which utilizes
sodium caprate to promote absorption of insulin in the small intestine[62]. Sodium caprate
increases paracellular permeability by inhibiting tight junction formation[63, 64].

An Israeli company, Oramed Pharmaceuticals, is also developing an oral insulin tablet. Their
lead candidate, ORMD-0801, which has advanced to Phase I1b trials[65], is intended as a
monotherapy for type 2 diabetics. Phase Ila trials showed a trend towards decreased daytime
and nighttime glucose levels compared to placebo without incidence of hypoglycemia[66].
Oramed's proprietary formulation involves insulin, protease inhibitors, and absorption
enhancers dissolved in an omega-3 fatty acid[67]. The contents are encased in an enteric
coating designed to inhibit digestion in the stomach, which then dissolve as the pH becomes
increasingly alkaline. The omega-3 fatty acid component protects the insulin from proteases
in the small intestine and enables direct absorption across the intestinal lumen with the help
of an absorption enhancer — likely EDTA[67]. EDTA affects paracellular permeability by
chelating calcium, which is important for tight junction formation[63].

Stimuli-responsive insulin—An interesting pursuit in diabetes treatment is the
development of “smart” insulin: insulin that is activated when glucose levels rise, and
deactivated when glucose levels return to normal. Chou et a/ at the Massachusetts Institute
of Technology have developed a soluble, circulating, glucose-responsive insulin analog by
covalently conjugating insulin to both a dodecanoic fatty acid chain and a phenylboronic
acid (PBA) moiety[68]. The fatty acid confers the ability to reversibly bind to serum albumin
while PBA is capable of reversibly binding to glucose[68]. /n vivo studies in mice
demonstrated the ability of “smart insulin” to restore normoglycemia in response to glucose
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challenges for up to 10 hours following s.c. administration[68], but there is some uncertainty
regarding the mechanism of the observed glucose-dependent activity.

Another design of a “smart” insulin delivery system is a glucose-responsive patch, currently
in development by Yu et a/ at the University of North Carolina/North Carolina State
University. The technology employs nanoscale vesicles formed by hypoxia-sensitive
hyaluronic acid (HA) containing both insulin and glucose oxidase (GOy) in the aqueous
core[69]. When glucose levels are elevated in s.c. capillary networks, glucose will
theoretically diffuse into the vesicles, react with GOy, simultaneously consume oxygen, and
create a local hypoxic environment. A hydrophobic nitroimidazole moiety conjugated to the
HA is reduced in hypoxic conditions to a hydrophilic aminoimidazole, resulting in
dissociation of the vesicles and release of encapsulated insulin.

The patch consists of a vesicle-loaded microneedle array for painless, transcutaneous
glucose-responsive insulin delivery. /n vivo studies in a type 1 diabetic mouse model showed
efficient penetration of the skin, maintenance of normoglycemia for 4 hours post-
administration, and glycemic control within 30 minutes of a glucose challenge without
incidence of hypoglycemia[69]. Inflammation at the site of patch application was not
observed. If this technology advances to human trials, the insulin load capacity, number of
required patches for glycemic control, and degree of microneedle penetration will be of
particular relevance.

The same research group that developed the glucose-responsive patch has also created an
injectable network that releases insulin in response to ultrasonic waves. Di ef al reports
suspending insulin within biodegradable nano-sized poly(lactic-co-glycolic acid) beads, then
coating the beads with a surfactant — either positively charged chitosan or negatively charged
alginate[70]. The oppositely charged nanoparticles are then mixed to create a network of
nanoparticles that are held together via electrostatic interactions. While the network will
passively release a baseline level of insulin, bolus release is triggered by application of
focused ultrasonic pulses to induce cavitation within the network. Insulin accumulates
within these cavitations and is then able to diffuse out of the network with near zero-order
kinetics. Furthermore, the network displays shear-thinning behavior, which is a desirable
property for injectables.

Di et al have evaluated their technology in a type 1 diabetic mouse model. Injection of the
nano-network into the s.c. space followed 2 days later by focused ultrasound pulses resulted
in a reduction of blood glucose from 500 mg/dL to less than 200 mg/dL, and significant
depression in blood glucose were triggered 4, 7,and 10 days post-injection, demonstrating
long-term utility of the nano-network[70]. This system provides a less invasive method for
long-term insulin delivery; it will be of particular interest if the stimuli-responsive insulin
reservoir can be combined with continuous glucose monitoring, perhaps in a closed-loop
setting.

A potentially promising product may emerge from Merck & Co. in the next decade. In
December 2010, Merck purchased the start-up company SmartCells with the intention of
developing a glucose-responsive insulin[71]. The SmartCells technology initially involved
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an injectable gel containing lectin and an insulin analog with a sugar moiety attached[72].
When blood glucose levels fall, the lectin binds to insulin, inhibiting its action. When blood
glucose levels rise, lectin binds to glucose, thereby releasing insulin to stimulate glucose
uptake. The technology has evolved to eliminate the need for injected lectin, which is toxic,
and instead the insulin analog binds reversibly to a ubiquitous cell receptor[72], possibly the
macrophage mannose receptor[73]. Merck's “smart” insulin, now referred to as MK-2640,
entered Phase I clinical trials in late 2014[74].

Closed-loop insulin delivery—The ideal technological advancement is the development
of a closed-loop artificial pancreas. Although geared primarily towards type 1 diabetics,
such a technology would be beneficial to late-stage type 2 diabetics as well. The system
would consist of a continuous glucose monitor (CGM) to sense fluctuations in glucose
levels, combined with an insulin infusion pump to release an appropriate dose of insulin in
response to glucose changes, under the control of a computer-based algorithm.

The current state-of-the-art CGM is the Dexcom G4 Platinum, which consists of a
transmitter, a receiver, and an implantable sensor. This device is approved for implantation
for no more than 7 days[75] and has an average error of 13% in reference to blood samples
measured by a YSI glucose analyzer[76]. Since CGMs measure interstitial glucose levels,
there exists an inherent delay in sensing fluctuations in blood glucose, though such a delay is
believed to be no more than 5-10 minutes[77]. However, this delay can increase by as much
as three-fold upon formation of a fibrous capsule due to a foreign body response initiated by
s.c. implantation of the sensor[78-80]. This capsule is a diffusion barrier for small analytes
and thus limits utility of a CGM to a week or less.

The CGM is connected to an insulin pump, which connects an insulin cartridge to a catheter
that is inserted into the user's s.c. tissue. The majority of patients in the United States choose
a Teflon catheter[81]. In terms of lifetime in the body, the catheter will be the limiting
component of the artificial pancreas, as even the state-of-the-art catheter and tubing infusion
set technology (BD FlowSmart™) is FDA approved for only 3 days[82], at which point it
must be replaced to prevent insertion site inflammation or catheter occlusion.

Despite challenges regarding the lifetime of the individual components of a closed-loop
insulin delivery system, substantial progress is nevertheless being made in the design of a
long-term and user-friendly system. Kovatchev et al at the University of Virginia reported a
closed-loop artificial pancreas employing a Dexcom CGM and an Insulet Omnipod insulin
pump connected to a smartphone device that afforded 28 hours of glucose control in type 1
diabetic patients in an out-patient setting[83].

Generic Insulin (or lack thereof)

It is estimated that the global insulin market will be worth $32 billion by 2018[84], however
the industry is dominated by only three pharmaceutical companies and offers no generic
versions— biosimilars' in the context of biological drugs—for the commonly prescribed
insulin analogs. In 2009, the FDA was granted authorization to create an approval pathway
for biosimilars with the purpose of giving the original product developers 12 years of market
exclusivity, due to the high costs of developing a biologic, before a follow-on biosimilar
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could be approved[85]. However, once the requisite time passes, the biosimilar approval
process is hardly an abbreviated pathway. The issue lies in the fact that there are no clear
metrics to prove that two biologics expressed in different cell lines in different factories
subjected to different purification methods are, in fact, therapeutically identical. Approval
for a biosimilar hence requires exhaustive safety, efficacy, and immunogenicity studies, as
well as independent clinical trials[85]. The incentive for a company to produce a biosimilar
decreases due to the high capital cost, and the price reduction ultimately seen by the patient
may only be 20 to 40% off the branded biologic[86].

Also stymying the introduction of generic insulins to the market is the practice often referred
to as “evergreening.” Every time Sanofi, Eli Lilly, and Novo Nordisk modify their branded
insulin analog, additional patents are filed. As long as the newer formulation is marginally
superior—at least in the opinion of the prescribing physician—the older formulation
becomes obsolete, rendering a biosimilar based on the expired version not worth
pursuing[8]. Nevertheless, Merck is currently in Phase 11 clinical trials for its biosimilar of
Sanofi's insulin glargine[87]; thus, the diabetes market may see its first biosimilar insulin
emerge in 2016.

GLUCAGON-LIKE PEPTIDE-1 RECEPTOR AGONISTS

GLP-1 Receptor Agonists

The emergence of incretins, a class of insulin-stimulating gut hormones released
postprandially, led to the development of the first new peptide drugs for the treatment of type
2 diabetes since insulin. The two primary members of this class are glucagon-like peptide-1
(GLP-1) and glucose-dependent insulinotropic peptide (GIP). GLP-1, a 31 amino acid
peptide produced in the L cells of the intestines and released postprandially, was the first
incretin pursued as a potential type 2 diabetes drug. Interest was spurred upon cloning and
sequencing of the proglucagon gene in 1983[88]. Shortly after discovery of the GLP-1
precursor, Kreymann and colleagues saw enhanced insulin release and reduced peak plasma
glucose concentrations in human volunteers receiving a constant infusion of GLP-1[89].
Following Kreymann's findings as well as several other reports of the peptide's effects on
metabolic and gastrointestinal regulation[90], interest in the peptide burgeoned and
academics and industry alike raced to develop GLP-1 as a drug for type 2 diabetes.

It has since been established that GLP-1 exerts its activity on multiple organs that express
GLP-1 receptors (GLP-1Rs) and contribute to the pathogenesis of diabetes. The peptide is
also responsible for upregulating insulin expression, protecting beta cells from apoptosis,
promoting beta cell proliferation, slowing gastric emptying, inducing satiety, reducing
glucagon secretion, and enhancing peripheral glucose absorption[91]. Although GIP has yet
to be pursued as a diabetes monotherapy, Roche is currently investigating its use in
combination with GLP-1 as a combined dual agonist (RO6811135)[92]. The delay in the
development of GIP has been largely due to its convoluted metabolic effects and the fact that
it remains controversial whether activation or repression of the GIP receptor is more
beneficial to normalizing glycemia[93].
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To date, five GLP-1R agonists have been approved by the FDA (Table 2) and several others
are in various stages of preclinical and clinical development. Incretin-based therapeutics
have received widespread attention and, in 2014, the GLP-1R agonist market was worth an
estimated $3 billion[94]. The market size can be attributed to the peptide's attractive
qualities from a pharmaceutical development perspective, including a wide therapeutic
window and subnanomolar potency. However, these advantages are overshadowed by its
rapid degradation and short half-life, making the native peptide unsuitable for clinical
application. Research and development efforts have thus aimed to enhance efficacy and
therapeutic feasibility of GLP-1 by: 1) reducing proteolytic degradation, 2) enhancing
circulation half-life, and 3) developing controlled release formulations of the peptide (Fig.
2).

Reduced Proteolytic Degradation

Native GLP-1 is not a clinically useful drug, as its approximately two minute half-life would
require far too frequent administration or constant intravenous infusion to be therapeutically
feasible[96]. The short half-life of GLP-1 is largely attributed to rapid inactivation by the
enzyme dipeptidyl-peptidase IV (DPP-1V)[97], a ubiquitous cell-surface serine protease that
selectively cleaves off N-terminal dipeptides that have alanine or proline in the second
position[98]. These N-terminal residues are critical to GLP-1's subnanomolar affinity and
their truncation thus yields a biologically inactive peptide[99].

Since its discovery, interest in GLP-1 has led to a plethora of structure-function studies to
identify additional contributors to its potency. GLP-1's structure consists of a seven-residue,
unstructured N-terminal domain followed by two alpha helical regions separated by a short
linker, which enables positioning of the hydrophobic residues along a single face[100]. In
1994, separate studies were published by investigators at Novo Nordisk and by Gallwitz et a/
on residue-specific contributions to binding and activity using alanine scanning mutagenesis
in conjunction with competitive binding and cCAMP activity assays. His7 (denoting, by
convention, the first residue of GLP-1), Gly10, Phel2, Thrl3, and Asp15 were identified as
important to GLP-1's receptor affinity while Phe28 and 11629 were essential for the peptide's
activity, likely due to their role in maintaining the alpha helical structure[101, 102].

Identification of protease-sensitive residues has informed the rational design and engineering
of analogs incorporating a variety of mutations and modifications to slow degradation and
thereby increase the /n vivo half-life of GLP-1. The most successful analogs incorporate N-
terminal modifications that inhibit recognition and degradation by DPP-1V while
maintaining or even increasing GLP-1's potency. Deacon and colleagues have shown that
replacing Ala8 with either a glycine or the unnatural amino acid a.-aminoisobutyric acid
enhances /n vivo metabolic stability and increases the peptide's half-life by three- to four-
fold, while maintaining a receptor affinity that is comparable to the native peptide[103].
Furthermore, an Ala8Gly mutation has shown improved insulinotropic activity compared
with the native peptide: 0.1 nmol of the mutant GLP-1 normalizes fasting hyperglycemia in
diet-induced obese mice for several hours whereas a 1.0 nmol injection of native GLP-1 lasts
only a few minutes[104]. Similarly, Siegel et a/has found that substitution of the
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endogenous L-isomer of Ala8 with its D-isomer yields an analog that is resistant to
proteolytic cleavage with only a three- to four-fold loss in potency[105].

Although the N-terminal His residue has been confirmed as critical for receptor activity,
many modifications at this position have demonstrated similar /n vivo activity as native
GLP-1, with improved resistance against proteolytic degradation. These N-terminal His7
modifications include: desamino, N-imidazole, N-a-methyl, N-methyl, D-His7, N-glucitol,
N-acetyl, and N-pyroglutamyl[106—109]. All of the analogs listed have partial or complete
resistance to DPP-1V with receptor affinities unchanged or reduced, at most, by 15-fold
compared to the native peptide[110].

Incorporation of Cys residues to either cyclize the peptide or generate /ntermolecular bonds
has also shown promise in enhancing circulating half-life. Li ef a/introduced a cysteine-
containing glycine tail at the C-terminus of GLP-1, enabling disulfide bond formation
between GLP-1 molecules that stabilized the peptide, protected it from proteolysis, and
extended its half-life, while maintaining /n vivo insulinotropic and glucoregulatory activity
out to 5 days following a single s.c. injection[111].

Taspoglutide—Of the many efforts to create protease-resistant GLP-1 mutants, only one
has advanced to phase I1l clinical trials. Taspoglutide, co-developed by Ipsen and Roche, is a
GLP-1-based peptide with both Ala8 and Gly35 replaced by aminoisobutyric acid. These
substitutions confer increased stability /n vivo without a reduction in potency[112]. In short-
term phase Il clinical trials, once-weekly Taspoglutide administered at 10 or 20 mg doses
induced a mean weight loss of up to 2.3 kg and significantly reduced HbA1, levels (-1.24%
for 10 mg and —1.31% for 20 mg dose), conferring a degree of glycemic control superior to
twice daily exenatide. However, in September of 2010 the clinical trial was halted due to
anti-Taspoglutide antibodies detected in 49% of patients, as well as adverse events reported
(nausea, vomiting, and injection site reactions) in greater than 50% of patients[113].

Exenatide—A pivotal point in the history of incretin-based diabetes therapies was the
discovery of exendin-4, a naturally occurring peptide hormone first isolated from the saliva
of the Gila monster by John Eng in 1992[114]. Although exendin-4 has 53% sequence
homology with GLP-1, it is resistant to DPP-1V proteolysis, has a longer therapeutic half-
life, and is more potent than native GLP-1. A Gly residue at the second position of the
primary amino acid sequence confers DPP-1V resistance and is largely responsible for the
extended 2.4-hour half-life of exendin-4. Exenatide, a synthetic analog of exendin-4 and a
homolog of GLP-1, is the active ingredient in two FDA approved formulations—Byetta and
Bydureon—manufactured by partners Amylin and Eli Lilly.

Byetta—Byetta, the brand name for exenatide, was the first GLP-1R agonist to gain
approval for diabetes therapy. On the market since 2005, it is administered twice daily via
s.c. injection using pens prefilled with either 5 or 10 pg doses. Byetta is available as a
monotherapy or in combination with either oral glucose-lowering agents or insulin glargine.
Byetta was compared to insulin glargine in two randomized, open-label trials involving
patients whose diabetes had been insufficiently controlled with a metformin and
sulfonylurea combination therapy. The treatments yielded similar reductions in HbA1;
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(-1.36%) while the Byetta group experienced weight loss (2.3 kg) and superior
postprandial glucose control, but inferior fasting serum glucose levels[115]. Bydureon, the
long-acting formulation of exenatide, is discussed later in the Novel Formulations for
Controlled Release section.

Lixisenatide—L.ixisenatide, developed by Zealand Pharma in collaboration with Sanofi, is
a modified exenatide analog consisting of a Pro38 deletion and a hexa-lysine tail added to
the C-terminus, which increases stability of the peptide. In a series of randomized, placebo-
controlled trials, Lixisenatide has been validated for use as a monotherapy or as an add-on
therapy to oral antidiabetic agents due to reduction in HbA1,, fasting plasma glucose, and
either weight loss or weight neutral effects[116]. Despite approval in Europe, clinical trials
in the United States were halted in 2013 due to cardiovascular safety concerns[117]. In
September of this year, the FDA accepted Sanofi's New Drug Application (NDA) for
Lixisenatide[118], which it reapplied for after seeing results from a study in which a once
daily, 20 pg dose of the drug did not increase the frequency of cardiovascular events in a
high-risk, type 2 diabetes population. The impending trials, which are currently recruiting,
have generated excitement, as they will be the first for this drug class to investigate
cardiovascular outcomes. This is an important milestone, as many type 2 diabetes therapies,
particularly GLP-1R agonists, are under scrutiny for increased cardiovascular risk
factors[119].

By reducing proteolytic degradation via sequence modification, a few drugs have made it to
clinical trials and received FDA approval. However, despite resisting degradation, the
majority of modified GLP-1R agonists continue to suffer from short circulation half-lives
due to rapid renal elimination. Consequently, a second area of GLP-1R agonist development
focuses on reduction of renal clearance to further prolong the duration of action of the drug.

Reduced Renal Clearance

The majority of successful incretin therapies to date have relied on novel fusion partners that
enhance circulating half-lives by reducing renal clearance. Some of the most common
strategies include: 1) increasing the peptide's size by fusing it to a large protein with a long
half-life, 2) conjugation of peptides or chemical moieties known to bind molecules in the
body with slow turnover rates, and 3) attaching synthetic or biological polymers.

Albiglutide—Albiglutide, developed by GlaxoSmithKline (GSK) and approved by the
FDA in 2014, employs an albumin fusion strategy developed by Human Genome Sciences,
and the entire 73kDa fusion protein is produced recombinantly. The choice of albumin as a
fusion partner is driven by the fact that it has an average half-life of 19 days, making it one
of the longest circulating proteins in the body. Beyond its extraordinary half-life, albumin is
stable, highly soluble, non-immunogenic, non-toxic, and biodegradable, and distributes to
nearly all tissues in the body[120].

Albiglutide consists of two copies of DPP-1V-resistant GLP-1 analogs (Gly8 mutation) in

tandem, followed by human serum albumin. The tandem repeat was introduced to mitigate
the loss of potency from the bulky albumin protein, but the fusion still suffers from a 100-
fold reduction in potency compared to native GLP-1. The loss in activity, however, was
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deemed an acceptable tradeoff for its long half-life—5-7 days in humans—which allows for
weekly or even less frequent dosing with acceptable safety and tolerability[121, 122].
Albiglutide, given in 30 or 50mg doses once weekly, has been validated in a series of
HARMONY clinical trials as both a monotherapy and as an add-on to pioglitazone and
metformin with overall reductions in HbA1; levels of approximately —0.8%[123-126].
Interestingly, Albiglutide does not induce the same magnitude of weight loss seen with other
GLP-1R agonists. This is likely due to albumin's inability to cross the blood-brain-barrier,
thereby preventing access to the central GLP-1Rs responsible for the anorectic effect[127,
128].

Liraglutide—Liraglutide is a GLP-1 analog marketed by Novo Nordisk that exploits
albumin’s extended half-life by non-covalently and reversibly binding the protein via a
palmitic acid chain conjugated to Lys26. To ensure that the palmitic acid is only conjugated
to Lys26, the only other Lys residue —Lys34—in the native sequence is mutated to an Arg.
There are five binding sites for fatty acids on human serum albumin, allowing the C16 fatty
acid-modified GLP-1 analog to bind each site with dissociation constants in the
submicromolar range. However, because it is not covalently conjugated to albumin, the free
peptide retains its potency.

Liraglutide has a half-life of approximately 13 hours when injected s.c., making it suitable
for once-daily administration in humans[129]. The analog performed well as a monotherapy
in a LEAD-3, double-blind, active parallel control trial. When compared to the sulfonylurea
glimepiride after 52 weeks of treatment, the 1.2 and 1.8 mg doses of Liraglutide achieved
HbAL, reductions of —0.84% and —1.24%, respectively, compared to —0.51% for the
glimepiride group. Treatment with Liraglutide also resulted in greater reduction in fasting
plasma glucose and weight loss of approximately 2 kg compared to weight gain commonly
associated with glimepiride[130].

Semaglutide—Novo Nordisk is currently conducting Phase 111 trials for its second
albumin-binding GLP-1R agonist, Semaglutide. This formulation is acylated at the same
Lys26 residue, but with a stearic diacid in place of Liraglutide's palmitate, which gives it a
greater and more stable affinity for albumin[131]. Compared to the lone Glu residue in
Liraglutide, Semaglutide has a larger synthetic spacer between the modified Lys site and the
acyl chain. In addition, Semaglutide contains the DPP-I1V-resistant Ala8 mutation to
aminoisobutyric acid, resulting in a half-life of 160 hours, making it suitable for once
weekly dosing. In recent clinical trials, weekly s.c. injections of 0.8 or 1.6 mg doses for 12
weeks demonstrated dose-dependent reductions in HbA1, levels by up to —1.69% and
weight loss of up to 4.8 kg[132].

Dulaglutide—Antibodies, like albumin, have long half-lives, which has led to the
development of peptide and protein fusions to the Fc region of antibodies. In particular, the
Fc domain of gamma immunoglobin (IgG) has been used as a fusion partner and carrier
protein for many peptides because, like albumin, the Fc domain also exploits the neonatal Fc
receptor for binding, thus escaping renal filtration and extending the serum half-life of
conjugated moieties[133].
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Dulaglutide is a once-weekly drug developed by Eli Lilly and approved by the FDA in 2014.
Dulaglutide is comprised of a DPP-I1V-resistant GLP-1 dimer with each monomer fused to a
modified 1gG4 Fc fragment. The drug has gone through several iterations since its initial
formulation. 1gG1 was initially chosen as a fusion partner, but was replaced with a mutated
form of 1gG4 to improve activity and reduce immunogenicity by preventing interactions
with high-affinity Fc receptors. This engineering was critical to Dulaglutide's progression to
clinical trials because unmodified Fc molecules are involved in native and adaptive
immunity through the activation of complement and antibody-dependent cell-medicated
cytotoxicity (ADCC). Mutations have also been introduced into the GLP-1 analog to reduce
immunogenicity, and a longer, glycine-rich linker between the peptide and Fc chain was
incorporated to improve activity.

In a dose-escalation trial in healthy volunteers, there were reports of gastrointestinal side
effects, typical of GLP-1R agonists, but, importantly, there were no reported hypoglycemic
events nor developed antibodies to the drug. The final, engineered molecule has a half-life in
humans of up to 80 hours, making Dulaglutide a once-weekly option for type 2
diabetics[134]. In a randomized phase 111 trial to demonstrate non-inferiority, Dulaglutide
(1.5 mg, weekly) was compared with Liraglutide (titrated up to 1.8 mg, daily) in patients
whose diabetes was inadequately controlled by metformin. After 26 weeks, HbA1; was
lowered by —1.42% and -1.36% in the Dulaglutide and Liraglutide groups, respectively.
Both treatment groups had similar adverse gastrointestinal events and no severe
hypoglycemic events, which demonstrated non-inferiority of Dulaglutide to Liraglutide,
although patients on Liraglutide did exhibit a higher degree of weight loss (—2.90 versus
-3.61 kg) [135]. A series of AWARD trials have also demonstrated Dulaglutide's superiority
in HbA1, reduction over metformin, sitagliptin (a DPP-1V inhibitor), and Byetta[136].

Polymer fusions—Much like fusion to large endogenous proteins, the conjugation of
polymers, both biological and synthetic, to peptide drugs is another strategy to reduce renal
clearance. Polyethylene glycol (PEG) conjugation is one of the oldest and most widely used
methods to enhance a drug's half-life by increasing the size and hydrodynamic radius,
thereby reducing its renal clearance. Polymers have additional properties that make them
ideal delivery vehicles for peptides, including high solubility, resistance to proteases, and
low immunogenicity. However, recent concerns regarding the immunogenicity of PEG and
its propensity to cause renal tubular vacuoles have prevented any PEGylated GLP-1R
agonists from entering clinical trials[137].

Like synthetic polymers, polypeptides can also be used to enhance the bioavailability and
half-lives of GLP-1R agonists. XTEN is an unstructured recombinant polypeptide developed
by Amunix that mimics the properties of PEG. It is comprised of a subset of amino acids
that are hydrophilic, stable, non-immunogenic, and lack positively charged side chains. The
final biopolymer, named XTEN, was selected from a library that was screened for stability,
solubility, and aggregation resistance. XTEN consists of randomized Ala, Glu, Gly, Pro, Ser,
and Thr residues and is highly expressed in £. coli. XTEN fused to exenatide has 80%
bioavailability from the s.c. space and a terminal half-life of 60 hours in cynomolgus
monkeys. Additionally, no significant immune response has been observed in mice or
rabbits[138]. A phase I trial has demonstrated the safety and tolerability of escalating doses
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of exenatide-XTEN, and a GLP-1-XTEN is under clinical development as well. The ultimate
goal of GLP-1R agonist-XTEN fusions is to reduce injection frequency to once monthly,
which would be a welcome feature to patients who must self-administer this class of drug.

Elastin-like polypeptides (ELPs), developed by PhaseBio Pharmaceuticals, are a second
example of a recombinant polymer used to enhance the pharmacokinetics of GLP-1R
agonists. Like XTEN, ELPs are large, intrinsically disordered, random coil polypeptides.
ELPs are comprised of a repeated pentapeptide motif, Val-Pro-Gly-Xaa-Gly, which is
derived from tropoelastin and exhibits a lower critical solution temperature (LCST) phase
transition behavior [139] in which an ELP fusion goes from a soluble state to an insoluble
coacervate. The phase transition is reversible upon dilution so in response to dilution of the
coacervate at its margins, the coacervate slowly dissolves to the core, releasing the ELP-drug
fusion at a steady rate. This feature of ELPs distinguishes them from other polypeptides such
as XTEN and other synthetic polymers developed for drug delivery.

PhaseBio has exploited the unique properties of ELPs to develop recombinant ELP-peptide
fusions for delivery of peptide drugs. By engineering the phase transition through its amino
acid composition and molecular weight, the ELP fusion is soluble in a syringe but
instantaneously coacervates upon s.c. injection, triggered by the increase in temperature
from ambient to body temperature. The ability to precisely tune the coacervation
temperature of an ELP coupled with its monodispersity and the lack of toxicity and
antigenicity of this class of polypeptides make ELPs highly attractive for incretin delivery,
and a GLP-1-ELP fusion was developed by PhaseBio for once-weekly treatment[140].
Although a Phase I/11a trial yielded promising results, PhaseBio's formulation, PB1023, did
not meet non-inferiority criteria against the active comparator, Liraglutide in a Phase 11b
clinical trial. The company instead plans to pursue this drug as a co-formulation with a fully
human, monomeric insulin fusion with an ELP[141].

Novel Formulations for Controlled Release

All of the strategies discussed previously enhance the circulation half-life of GLP-1 and its
analogs and hence enable daily or weekly dosing regimens. While these approaches increase
half-life and systemic exposure to the drug, they do not provide controlled release. This
means that the treatment's duration can only be modulated by adjusting the dose, which is
limited for any therapy by its therapeutic window, toxicity, and cost. In order to further
reduce the dosing frequency of GLP-1R agonists, industry research and development will
need to consider next generation formulations that control release andreduce renal
clearance.

Bydureon—Bydureon, a long-acting version of exenatide, is the only controlled released
formulation of a GLP1-R agonist on the market. Encapsulation of exenatide into poly
(lactic-co-glycolic acid) (PLGA) microspheres using a water-in-oil solvent evaporation
method results in an adjustable drug release profile appropriate for once-weekly dosing.
Amylin received FDA approval for Bydureon in early 2012.

Trials comparing Bydureon (2 mg, once weekly) to its predecessor, Byetta (10 ug, twice
daily), showed improved HbA1; reduction, lower fasting plasma glucose levels, and similar
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reductions in body weight with fewer gastrointestinal side effects. A DURATION-1
randomized clinical trial was also conducted to investigate the efficacy and safety of a five-
year Bydureon treatment regimen in type 2 diabetics. Bydureon was generally well tolerated
with sustained improved glycemic control and weight loss, as well as reduced markers of
cardiovascular risk[142].

However, this formulation is not without drawbacks. There is a lag in the release of
microspheres following the initial, post-administration burst release and the 0.06 mm
diameter microspheres require larger, more painful needles for s.c. injection. The drug was
initially only available in a powdered form that had to be mixed with a diluent immediately
prior to injection, which complicated weekly self-administrations for patients. AstraZeneca
has since developed and received FDA approval for a prefilled mixing pen. These devices,
forecasted to reach patients by mid-2015, should make the distribution of medications with
poor stability more feasible for at-home use[143].

Protease Operated Depots—Another method for controlling GLP-1 delivery, developed
by Amiram et al., utilizes ELPs and is termed a protease-operated depot (POD). In a
demonstration of the POD technology, six tandem GLP-1 repeats separated by an Arg
residue — a peptide that is common to many protease recognition sites — were
recombinantly expressed as a fusion to an ELP. The ELP fusion was designed to be soluble
in the syringe, but to transition to an insoluble coacervate in the s.c. space upon injection. It
was shown that the resulting depot slowly releases DPP-1V-resistant GLP-1 peptides into
circulation as the GLP-1 repeats are enzymatically cleaved by proteases in the s.c. space.
This system affords glycemic control for up to five days in mice[144].

A similar system has also been designed by Amiram et a/, in which a GLP-1 fused to an
ELP without a cleavable linker forms a depot upon s.c. injection. They showed that the
GLP-1-ELP fusion maintains blood glucose homeostasis in mice for 5 days, similar to the
GLP-1 POD[145]. For PODs and GLP-1-ELP fusions, the duration of efficacy can be
controlled by adjusting the transition temperature, which is easily tuned by modulating the
ELP's molecular weight or guest residue composition (Xaa in the Val-Pro-Gly-Xaa-Gly
motif). With an ELP designed to transition to an insoluble coacervate at or below body
temperature, the ELP fusion delivery system not only utilizes a carrier polymer —the ELP—
for enhanced half-life, but also controls release from the s.c. space by virtue of the formation
of a depot upon injection.

Implantable Devices—Implanted devices are another option for longer-term controlled
release of GLP-1R agonists. Intarcia is carrying out a series of FREEDOM phase 11 clinical
trials of its matchstick-sized device, ITCA 650, which provides zero-order, continuous
release of exenatide from the s.c. space and requires replacement only once every 6-12
months. The device employs a semipermeable membrane coupled with an osmotic pump
that forces drug out of the device at a controlled rate. Apart from its exquisite release of a
precise dose of drug, ITCA 650 guarantees patient compliance as it eliminates the need for
injections. Implantation of the device requires a simple, 15-minute outpatient procedure.
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Results from a randomized, open-label 24-week phase 11 study of ITCA 650, with an
optional 24-week extension, were recently published[146]. Patients with type 2 diabetes
inadequately controlled by metformin received a device releasing 20, 40, 60, or 80 g of
exenatide per day. At the end of the first 24 weeks, changes in HbA1; ranged from —0.85%
to —1.51% and these reductions were maintained throughout the 24-week extension. Adverse
gastrointestinal events were mostly mild and transient and declined during the extension
period. Reductions in weight were dose dependent and as high as —4.2 kg. More recent
phase I11 studies have been equally exciting, showing a sustained HbA1c reduction of —3.4%
in poorly controlled, high baseline patients after 39 weeks of treatment at 40 and 60 ug/day
doses[147]. Intarcia's timeline is projecting application for FDA approval in 2016, expecting
the device to enter the market in early 2017.

Formulations for Alternative Routes of Administration

Novo Nordisk is pioneering the push for oral delivery of GLP-1R agonists. Until recently,
this method of delivery had been infeasible due to membrane impermeability in the gut as
well as the harsh acidic and protease-rich environment of the stomach, to which peptides are
particularly susceptible. Novo Nordisk has successfully completed phase Ilb clinical trials of
its once-daily, oral version of their aloumin-binding GLP-1 analog, Semaglutide. This
proprietary tablet formulation employs an absorption-enhancing excipient for passive
transcellular transport across the intestinal lumen.

The Eligen Technology—noncovalent binding of N-[8-(2-hydroxybenzoyl)amino]caprylate
(SNAC) to a drug—has also been licensed to Novo Nordisk. SNAC increases paracellular
permeability by chelating the calcium needed for tight junction formation[62]. While oral
delivery using this approach does not compromise the biological activity or pharmacological
properties of the drug, much larger doses (over 100-fold) are necessary to achieve
therapeutic plasma concentrations, which may challenge the commercial feasibility of oral
GLP-1R formulations.

Finally, Novo Nordisk is investigating the use of GIPET (described previously in the Oral
Insulin section) to boost the oral bioavailability of their GLP-1R agonist[148]. Future
strategies to create orally available incretin formulations may involve active transport of the
peptide across the intestinal lumen by conjugation to transportable substrates such as PEG-
biotin, which is taken up by sodium-dependent multivitamin transporters [149], and vitamin
B12, which is scavenged by the body from the diet by various chaperone proteins[150].
Oramed, a pharmaceutical company headed towards phase 11b trials for its oral insulin
capsule, is also developing an orally ingestible exenatide capsule (ORMD-0901)[151]. It is
evident from these incretin delivery developments that oral peptide delivery could be an area
of immense growth in both academia and industry.

Novel formulations to deliver GLP-1R agonists are not limited to conventional parenteral
routes of administration. There is interest in targeting more patient-friendly routes including
transdermal patches and intranasal administration for pulmonary uptake. MannKind is
developing an inhalable formulation of native GLP-1 adsorbed to their patented
Technosphere microparticles. This drug recently completed a phase la clinical trial in which
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it showed dose-dependent, GLP-1-induced insulin release within six minutes of inhalation in
healthy adult males[152].

Insulin and GLP-1R Agonist Combination Therapy

Insulin-incretin combination treatments are also headed towards FDA approval. These two
peptide drugs offer complementary features in regulating blood glucose levels. While
exquisitely tuned, long-acting basal insulin continues to control fasting glycemia and reduce
the stress on pancreatic beta cells, the GLP-1R agonist helps to control postprandial glucose
excursions while concomitantly increasing satiety and reducing energy intake. The proposed
combination treatment is expected to minimize dose-related adverse effects of each
respective drug—nausea from the GLP-1R agonist and hypoglycemia from the insulin
analog. Furthermore, GLP-1R agonist treatment promotes desirable weight-lowering effects,
which are expected to neutralize the weight gain commonly associated with insulin
treatment.

Pharmaceutical companies are currently developing combination insulin/GLP-1R agonist
formulations with the intention of utilizing the incretin component in place of prandial
insulin. Several GLP-1R agonists are already approved as superior or non-inferior add-ons to
basal insulin treatments[153-155], and Novo Nordisk and Sanofi are actively developing
their respective fixed-dose combination drugs, Xultophy and LixiLan. Thus far, clinical trials
for both formulations are promising with patients achieving significant HbAlc reduction
with modest weight loss and no observed increase in hypoglycemia risk[156, 157].

CONCLUSION

Insulin and GLP-1R agonists have each had a fascinating journey from their discovery to
their current stage of development and both have had a profound impact on the treatment of
diabetes. As the only two major peptide drugs available to treat T2D, insulin and GLP-1R
agonists offer high specificity and potency, but have required significant engineering of both
the peptides themselves and their modes of delivery. Insulin has been exquisitely optimized
to create long-acting analogs that maintain basal plasma concentrations for up to 36 hours,
as well as rapid-acting versions that nearly mimic the endogenous insulin response. The
GLP-1 sequence has been mutated to protect analogs from proteolysis and prolong
circulation to allow for once-daily and once-weekly administration, with monthly and yearly
options forthcoming.

Insulin and GLP-1R agonists — and peptide drugs in general — are conventionally delivered
via s.c. injection. However, patients are reluctant to adopt treatment regimens requiring this
route of administration due to needle phobia, pain, and the association of injections with
serious illness. Insulin has a particularly negative social stigma which greatly impacts patient
acceptance and adherence[158]. We believe that the future of peptide therapeutics will lie in
controlled release modalities that eliminate the variable of patient compliance from the
treatment regimen. As such, Intarcia's once- or twice-yearly implantable exenatide pump is
likely to have an immense impact on GLP-1R agonist therapy. With the device slated to
enter the market in 2017, competing GLP-1 analogs administered via injection could
become obsolete. However, we note that clinical adoption is a complex dance that involves
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companies, physicians, insurers, and patients, and each of the stakeholders in this process
often have conflicting agendas that are not solely driven by the impetus of improved
healthcare.

For type 2 diabetics requiring basal insulin therapy, the prospect of orally administered
insulin also has the potential to drastically affect the market, and the discretion and ease
offered by a pill could encourage earlier initiation of insulin therapy, as it is increasingly
recommended for optimal diabetes management[4]. For type 1 diabetics, as well as type 2
diabetics with extremely advanced disease, the game-changing innovation will be the advent
of the “artificial pancreas,' or a collection of devices that, together, sense glucose fluctuations
and release appropriate insulin doses in a completely automated system. However, such a
technology is likely decades away from realization.

Whether long-lasting s.c. depot platforms, oral formulations, or implantable devices end up
dominating the diabetes peptide drug market remains to be seen. However, it is clear that the
discovery and development of insulin and incretins have immensely improved the
management of type 2 diabetes and opened avenues for safer, longer-acting, and more
patient-friendly treatment options. As pharmaceutical companies and academic innovators
alike continue to develop insulin and GLP-1R agonist therapies, the novel strategies for
peptide design and controlled release described in this article will be broadly deployed for
the development of peptide drugs and delivery systems for the treatment of other diseases.
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Figure 1.
Structure of human insulin. A 21-amino acid A chain is linked via disulfide bonds to a 30-

amino acid B chain to form the functional insulin monomer. Shaded residues are commonly
mutated in fast-acting insulin analogs to speed up absorption upon s.c. injection.
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1. Amino acid modification: Chemical conjugation to
unnatural amino acids, improvement in stability and
protease resistance, alteration of biochemical properties.

2. Reduced renal filtration: Albumin fusion, albumin-
binding moieties, addition of polymers (i.e. PEG, XTEN,
ELP), fusion to antibody fragments.

3. Controlled release: PLGA microspheres, protease-
operated depots, implantable devices.

Figure 2.

Overview of strategies for improving the delivery of GLP-1R agonists. Graphic depicting
microspheres was adapted from bydureon.com and graphic depicting implantable pump was

adapted from intarcia.com.
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Table 1

Durations of action of currently available standard insulins and insulin analogs

Page 33

Brand Name Generic Name Manufacturer | Approval Date | Onset of Action Peak Duration
. . - - - 30-90
Rapid-acting Humalog Insulin lispro Eli Lilly 1996 15 min min 3-5h
. . - 30-90
NovoLog Insulin aspart Novo Nordisk 2000 15 min min 3-5h
Apidra Insulin glulisine Sanofi 2004 15 min 30m—"190 3-5h
Short-acting Humuln R/ | Regutarinsutin | EITEIYINOVO ] 198/1901 30-60 min 2-3h 5-8h
: Neutral S
Intermediate-acting H,\Ll'(r)r\%llli?] N/ protamine Eli H:)%{ SEOVO 1982/1991 2-4h 4-10h 10-16 h
Hagedorn (NPH)
Long-acting Lantus Insulin glargine Sanofi 2000 2-4h Peakless 20-24 h
. Insulin glargine !
Toujeo 300 U/mi Sanofi 2015 6h Peakless 24 h
Levemir Insulin detemir Novo Nordisk 2005 3-4h Peakless 24 h
Tresiba Insulin degludec Novo Nordisk 2015 3-4h Peakless >24h

Assumes 0.1 — 0.4 units/kg subcutaneous injection. Response will vary depending on injection location and body mass index. Rapid acting analog
data retrieved from the NIDDK[12]; regular insulin, NPH, and Lantus data from Dewitt and Hirsch[10]; Toujeo Levemir, and Tresiba data from
FDA NDA documents[13-15].

Abbreviations: NPH (neutral protamine Hagedorn)
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Table 2
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Currently available GLP-1R agonists and their mechanisms of sustained delivery and recommended doses

- . Mechanism of
Brand Name Generic Manufacturer Approval Date | Half-life Enhanced Delivery Recommended Dose
Daily Byetta Exenatide Amylin 2005 24h Protease-resistant analog | 5 or 10 ug, (2x daily)
. . . . Albumin binding fatty
Victoza Liraglutide Novo Nordisk 2010 13h acid domain 3mg
Protease-resistant
Weekly Bydureon Exenatide Amylin 2012 2w analog, PLGA 2mg
microspheres
Tanzeum Albiglutide | GlaxoSmithKline 2014 5d Fusion to albumin 30 or 50 mg
Trulicity Dulaglutide Eli Lilly 2014 45d Fusion to 1G4 0.750r 1.5 mg

All data was obtained from FDA Access Data approval labels[95].
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