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Peptide drugs are an exciting class of pharmaceuticals increasingly
used for the treatment of a variety of diseases; however, their main
drawback is a short half-life, which dictates multiple and frequent
injections and an undesirable “peak-and-valley” pharmacokinetic
profile, which can cause undesirable side-effects. Synthetic pro-
longed release formulations can provide extended release of biolog-
ically active native peptide, but their synthetic nature can be an
obstacle to production and utilization. Motivated by these limita-
tions, we have developed a new and entirely genetically encoded
peptide delivery system—Protease Operated Depots (PODs)—to
provide sustained and tunable release of a peptide drug from an
injectable s.c. depot. We demonstrate proof-of-concept of PODs, by
fusion of protease cleavable oligomers of glucagon-like peptide-1,
a type-2 diabetes drug, and a thermally responsive, depot-forming
elastin-like-polypeptide that undergoes a thermally triggered in-
verse phase transition below body temperature, thereby forming
an injectable depot. We constructed synthetic genes for glucagon-
like peptide-1 PODs and demonstrated their high-yield expression in
Escherichia coli and facile purification by a nonchromatographic
scheme we had previously developed. Remarkably, a single injection
of glucagon-like peptide-1 PODs was able to reduce blood glucose
levels in mice for up to 5 d, 120 times longer than an injection of the
native peptide drug. These findings demonstrate that PODs provide
the first genetically encoded alternative to synthetic peptide encap-
sulation schemes for sustained delivery of peptide therapeutics.

drug delivery | sustained release | peptide polymers

With more than 40 approved peptide drugs worldwide and
over 650 peptides in clinical and preclinical development,
the field of peptide therapeutics is booming (1); with properties of
high specificity, high activity, and rapid tissue penetration, peptides
are particularly attractive as potential pharmaceuticals (2). Un-
fortunately, a major barrier to their clinical adoption stems from
the fact that parenteral injection is the most effective route of
peptide drug administration (3), but it leads to rapid clearance,
which in turn requires frequent injections, leading to a “peak-and-
valley” pharmacokinetic profile that can cause undesirable side-
effects (4) and reduce patient compliance. In addition, other limi-
tations of peptide drugs are their poor stability, costly production,
and proteolytic susceptibility. An ideal peptide drug delivery system
would hence solve these problems by providing prolonged release
of native, stable, and biologically active peptide while limiting in-
jection frequency. Injectable prolonged release formulations of
peptides have been developed that use biodegradable micro-
particles as depots, but they suffer from several important limi-
tations in scale-up and manufacturing such as a complex production
and formulation process that requires a chemically synthesized
peptide to be loaded into a biodegradable polymer microparticle
while maintaining tight control on peptide loading, microparticle
size, and morphology without compromising the activity of the
peptide drug and the sterility of the final product.

Herein, we describe a completely genetically encodable pep-
tide depot with no synthetic components that we term Protease
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Operated Depot (POD) that attempts to solve these problems. A
POD consists of two components that are fused together at the gene
level and recombinantly expressed as one continuous polypeptide:
(¢) oligomers of a peptide drug with recognition sites for an in vivo
protease that are embedded between the peptide repeats and (i)
a thermally sensitive elastin-like polypeptide (ELP) that is soluble at
room temperature but forms a depot—a viscous coacervate—upon
s.c. injection at body temperature (5). The central hypothesis that
underlies the design of PODs is that the ELP will trigger a thermal
phase transition upon s.c. injection, thereby forming a stable drug
depot. Over time, active peptide will be released by protease
cleavage between copies of the peptide, providing prolonged
release of bioactive drug into circulation (Fig. 14).

For proof-of-principle of PODs, we focused on type-2 diabetes,
a disease with an enormous and unmet clinical need, with a forecast
of 300 million patients globally by 2025 (6). We chose glucagon-like
peptide-1 (GLP-1) as the drug because incretin mimetics, peptide
analogs of the naturally occurring GLP-1, are an exciting new class
of type-2 diabetes drugs with numerous antihyperglycemic activities
on various organs (7). GLP-1 is a 30 amino acid peptide released by
gastrointestinal cells in response to meal ingestion (8) (Fig. S1),
which has been found to be beneficial for the treatment of type-2
diabetes primarily by stimulating the release of insulin from pan-
creatic B-cells (9). In addition, GLP-1 has also been shown to inhibit
glucagon secretion, reduce appetite, slow gastric emptying, reduce
hepatic glucose production (10, 11), and enhance p-cell survival and
growth in rodents (12). Unlike insulin and other insulin secreta-
gogues (such as sulfonylureas), which act independently of glucose
level and therefore increase the risk for hypoglycemia, the insuli-
notrophic effects of GLP-1 are glucose dependent and vanish when
glucose levels drop below 60 mg/dL, preventing potentially life-
threatening hypoglycemia (13). Despite these attractive pharma-
cological features, native GLP-1 has not been used for treatment of
type-2 diabetes because the peptide undergoes rapid deactivation
in vivo via N-terminal truncation by dipeptidyl-peptidase IV
(DPPIV), leading to an in vivo half-life of less than 2 min (14). To
circumvent this problem, DPPIV-resistant GLP-1 analogs have
been proposed. However, due to the small size of these GLP-1
analogs, renal clearance still limits the half-life to 4-5 min (14), so
that clinically approved formulations of GLP-1 mimetics such as
exenatide—a 39 amino acid peptide derived from the Gila monster
that has 53% homology to GLP-1—require twice daily injections
and cause side-effects such as nausea (15). Hence, a controlled
release system of GLP-1 that minimizes injection frequency and
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Fig. 1. Design and characterization of GLP-1 PODs. A
(A) Soluble fusion proteins of (peptide),-ELP are
injected s.c. and coacervate in situ in response to
body temperature to form a depot. Subsequently, s.c.
proteases release active peptide into circulation. (B)
The final—optimized—GLP-1 POD construct includes
a short leader peptide, followed by 6 [G8E22]GLP
monomers, a trailer peptide, and an ELP. The GLP-1
monomers were mutated at position 8 (alanine to
glycine) to confer DPPIV resistance and position 22 C
(glycine to glutamic acid) to stabilize the a-helical
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DPPIV is normally implicated in the in vivo deactivation of native GLP-1 but that here, cleavage by the enzyme serves to activate the GLP-1 N terminus rather
than to deactivate it. (C) Transition temperature of ([G8E22]GLP),s fused to ELPs of varying hydrophobicity and molecular weight at a concentration of 150
uM. (D) CD spectra of monomer [GgE,,]GLP (15 pM), ELP_,,240 (2.5 pM), and ([GgE22]GLP)ys-ELP 5,240 (2.5 uM fusion protein or 15 pM GLP-1 equivalents). (E)
Degradation of PODs, non-depot-forming soluble fusions, or GLP-1 by NEP after 18 h incubation at 37 °C. Lane 1, ([GgE22]GLP),6-ELP1ign60; lane 2, ([GgEx,]
GLP),6-ELPyigh60+NEP; lane 3, ([GgE2,]GLP),6-ELP ,,60; lane 4, ([GsE5]GLP)6-ELP 60+NEP; lane 5, ([GgE5,]GLP),-ELP,,240; lane 6, ([GE22]GLP),6-ELP| 1240
+NEP; lane 7, [GgE,,]GLP; lane 8, [GgE»,]GLP +NEP; lane 9, native GLP-1; lane 10, native GLP-1+NEP. NEP may be seen as a faint band at ~85 kDa.

provides sustained release of the peptide over time with the po-
tential to minimize the spike in GLP-1 levels that is typical for in-
jection of soluble peptide is highly desirable (16).

With this rationale in mind, we describe the construction of
GLP-1 PODs and their utility in reducing glucose levels for 5 d
following a single s.c. injection in mice. We show that PODs are
easily expressed in high yields in Escherichia coli and that ELP
fusion tags enable temperature-triggered coacervation that is
tunable by choice of the ELP, allowing for facile, chromatogra-
phy-free protein purification (17, 18). We demonstrate that PODs
allow for protease-mediated GLP-1 release from the s.c. depot
that provides vastly superior glucose control compared with in-
jection of the monomer peptide.

Results

The nomenclature we use in the paper is as follows: All GLP-1
mutants throughout this paper are derived from the native GLP-1
[7-36], which is processed in vivo by cleavage of residues 1-6 (19)
(Fig. S1) (20). PODs are designated ([Y]GLP)N-ELPsABC,
where Y refers to the mutation in the sequence of GLP-1, N is the
number of GLP-1 repeats, and the subscript s is either low,
denoting an ELP designed to form a depot in vivo by selecting
Valine (V) as fourth guest residues in the pentapeptide repeat, or
high, denoting an ELP that has a T; above body temperature, by
alternating the guest residue between Glycine (G) and Alanine (A)
residues. The subscript ABC refers to the number of VPGXG
pentapeptide repeats. For example, ([G8E22]GLP)s-ELP; 60
refers to six repeats of the GSE22 mutant of GLP-1 that is fused
to an ELP with 60 VPGXG repeats with a T, that is below body
temperature, so that this construct would undergo coacervation
upon s.c. injection and form a POD in vivo. In contrast, the
equivalent “high” construct is identical in all respects, except that
it contains a different—more hydrophilic—ELP sequence so that
its Ty is greater than body temperature and it hence remains
soluble upon s.c. injection and does not form a POD.

We synthesized a library of GLP-1 oligomers wherein a number
of variables were systematically explored: (i) number of GLP-1
repeats, (i) their amino acid composition (14), and (iii) the se-
quence of the intervening protease cleavage site (21). This library
consisted of genes for five different GLP-1 variants, for which
oligomers of different lengths were generated, which could then be
fused with three different ELPs leading to a potential pool of 75
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unique POD designs (Table S1). A subset of these PODs were
screened for expression yield and structural stability.

Based on these preliminary scouting studies, we designed an
optimized POD with a therapeutic payload that has the following
features. First, we chose a GLP-1 analog—|GgE»;]GLP—that has
an alanine (A) to glycine (G) substitution at residue 8 to confer
DPPIV resistance and a glycine (G) to glutamic acid (E) substitute
at residue 22 (14) to stabilize its a-helical structure. Second, a gly-
cine-alanine (GA) dipeptide was added to the N terminus of each
GLP-1 unit to introduce a protease cleavable arginine (R)—glycine
(G) pair between successive peptides. This dipeptide can be cleaved
by DPPIV in vivo to liberate the native N-terminal histidine (H)
of GLP-1, so that, in our POD design, DPPIV serves to activate
GLP-1 instead of its customary biological role of deactivating
GLP-1. A monomer of this GLP-1 analog, which includes a “GA”
dipeptide leader, termed [G8E22]GLP throughout the paper, was
synthesized by AnaSpec and used as a control for all in vivo efficacy
studies (for full sequence details, see Table S1). Third, because
dimers of GLP-1 and its analog, exenatide (trade name Byetta),
have been shown to activate GLP-1R (16, 22), a protective leader
peptide (Table S1) was incorporated at the N terminus of the
POD to ensure that the activity does not ensue from release of
intact fusion protein from the depot; this peptide has a C-terminal
arginine (R) to ensure its cleavage in vivo. Finally, we chose 6x
GLP-1 oligomers (GLPys) as the payload because it provides
an optimal balance between high expression level and high drug
loading (Fig. 1B).

The depot-forming ELP that is the second component of the
POD was optimized concurrently. ELPs are a family of thermally
responsive peptide polymers composed of a VPGXG repeat that is
derived from a recurring pentapeptide motif that is found in tro-
poelastin (17). ELPs are soluble in aqueous solutions below their
inverse transition temperature (7;) but undergo a sharp (~2 °C
range) phase transition when the temperature is raised above their
T,, leading to the formation of an ELP-rich coacervate phase. The
ELP phase transition has been extensively characterized, allowing
us to precisely tune its thermal phase transition behavior (5) (Table
S1), which enables us to inject a POD as a low viscosity solution
(23) that undergoes its phase transition in vivo upon s.c. injection
to form a depot. Importantly, the ELP can be fused at the gene
level to GLP-1 oligomers and recombinantly expressed as a single
polypeptide chain and expressed in E. coli (18).
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Production of all GLPys PODs used an Isopropyl p-D-1-thio-
galactopyranoside (IPTG) induction protocol in E. coli. The fused
ELP component of PODs enabled their facile, chromatography-
free purification by inverse transition cycling (ITC) (Fig. S2) (24),
with yields of ~150 mg/L of purified PODs in a shaker flask culture.
By tuning the composition of the ELP, we were able to create
GLP-1 PODs with a T, below body temperature (POD forming,
ELP, ) or above body temperature (soluble control, ELPyy;e)
(Fig. 1C). The T—the coacervation temperature of the fusion—
was controlled by varying the ELP hydrophobicity and M,, and all
PODs displayed a typical, sharp transition at their T that is ex-
perimentally observed as a large increase in the turbidity of the
POD solution at the T;. Although some GLP-1 variants displayed
an irreversible transition profile due to structural changes (25),
([GsE22]GLP),; PODs were completely resolubilized upon cool-
ing below their Ty (Fig. S3 A-C). ([GsE22]GLP)ys PODs also
maintained a-helical secondary structure compared with the
highly disordered structure of the ELP, as indicated by their

circular dichroism (CD) spectra (14) (Fig. 1D, Fig. S3 D and E).
We also found that PODs are far more resistant than GLP-1
monomers to degradation by neutral endopeptidase (NEP),
a protease known to degrade GLP-1 in vivo (26). Both depot-
forming PODs and soluble fusion controls were resistant to NEP
degradation at temperatures below (16 °C) and above (37 °C, body
temperature) their transition, suggesting that premature degra-
dation of PODs in the s.c. space is likely to be minimized (Fig. 1E,
Fig. S4). Since both the depot forming PODs and the soluble fu-
sion—negative control—constructs are resistant to degradation by
NEP (at 16 and 37 °C), this resistance is likely due to the un-
structured ELP polymer chain that creates steric hindrance be-
tween NEP and its degradation sites in GLP-1.

We assessed the in vitro release of GLP-1 by incubation of PODs
with the arginine-specific protease, Factor X (FXa), followed
by a GLP-1 receptor (GLP-1R) activation assay. While even high
(1 pM) concentrations of intact ([GgE2,]GLP)6-ELPy ,,,240 PODs
could not activate the GLP-1R (compared with ECsy = 0.23 nM of

Fig. 2. In vitro and in vivo activation of GLP-1 PODs. (A)
cAMP response of native GLP vs. nonactivated ([GgE22]GLP)ye-
ELP, 1,240 PODs in BHK cells expressing the GLP-1R. (B and C)
cAMP response of 1 uM each of ([GgE;2]GLP)xe-ELP 240,
(IG8E2]GLP)6-ELP 4060 PODs, and ([GgE22]GLP)xs-ELPyigh60
soluble control activated by cleavage with the arginine-specific
protease, FXa, for 0, 2, 4, 6, and 24 h at 37 °C(B) and 16 °C ().
(D) cAMP response of ([GgE»>]GLP)y6-ELP; 1,240 at 1,10,100 nM,
and 1 pM activated by cleavage with the arginine-specific
protease, FXa, for 0, 2, 4, 6, and 24 h at 16 °C. (E) Proteolysis
products of ([GgE2»As6]GLP),6-ELP o160 (lane 1) and ([GgEy,l
GLP),6-ELP 5,240 (lane 2) after incubation with FXa. Released
GLP-1 and GLP-1 oligomers are seen as doublets representing
GLP-1 concatemers with and without the protective leader
peptide as confirmed by protein sequencing of several bands.
(F) SDS/PAGE gel of Dylight 488-labeled PODs, injected s.c. and
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72 h sampled from the tail vain at 0, 3, and 6 h postinjection.

([GgE22]GLP),6-ELP 1,240 at 0, 3, and 6 h postinjection (lanes 1,
2, and 3, respectively); ([GgE22]GLP)6-ELP 60 at 0, 3, and 6 h
postinjection (lanes 4, 5, and 6, respectively); ([GgE22]GLP)ys-
ELPyigh60 at 0, 3, and 6 h postinjection (lanes 7, 8, and 9, re-
spectively); and ([GgE22A36]GLP),6-ELP 060 without C-terminal
arginine at 0, 3, and 6 h postinjection (lanes 10, 11, and 12,
respectively). (G and H) NIR tomography images after a single
s.c. injection of (G) ([GBE22]GLP),s-ELP}ign60 and (H) ([G8E22]
GLP),6-ELPL 0240 immediately following (0 h) and 72 h after s.c.
injection.
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native GLP-1; Fig. 24), GLP-1 released from 1 pM PODs after
incubation with FXa at both 37 °C and 16 °C was able to fully
activate the GLP-1R (Fig. 2 B and C). Further, we attempted to
simulate the protease-triggered “dose-response” of GLP-1 release
from a POD as a function of concentration of the parent con-
struct—(]|GgE»] GLP),6-ELP} ,,240. This experiment was carried
out by incubating 1 nM — 1 uM of ([GgE»,]GLP)s-ELPy 240
POD with FXa at 16 °C; we chose 16 °C for this experiment be-
cause it is below the T; of (|GsE22]GLP)ys-ELPy 240 at all of
the concentrations that span the experiment. As expected, in-
creasing the concentration of ([GgE»2]GLP)ys-ELP; (240 POD
caused an increase in GLP-1 released by FXa and thus an in-
crease in the observed cAMP concentration (Fig. 2D). Cleavage
of the PODs incubated with FXa was confirmed by SDS/PAGE,
protein sequencing, and MALDI-TOF analysis of the GLP-1
oligomer bands (Fig. 2E, Fig. S5).

To validate protease-mediated s.c. “activation,” PODs were
labeled with Dylight 488 on their lysine residues, injected s.c., and
blood fractions were analyzed by SDS/PAGE for fluorescent
protein bands. In vivo, thermally reversible PODs designed to form
a depot following injection exhibit a similar cleavage pattern as
seen in vitro (Fig. S6). Notably, the size of the ELP affected the
release of intact fusion proteins from the s.c. site of injection: intact
([G$E22]GLP)ELP; 60 is clearly observed in blood, whereas
intact ([GgE,]GLP)x6-ELPy 240 is barely observed (Fig. 2D,
lanes 1-6), and only intact soluble ([GgE;]GLP)ys-ELPyy;gh60 is
rapidly released to circulation (Fig. 2D, lanes 7-9), thus reinforcing
the hypothesis that the primary site of protease mediated GLP-1
release is within the s.c. depot and not in systemic circulation.
Additionally, only intact fusion protein is released from a control
POD, ([GgE22A36]GLP)-ELPy ,,,,60 (Table S1), in which the argi-
nine-specific protease cleavage site was eliminated (Fig. 2E, lanes
10-12), thus supporting the notion that proteolytic cleavage at
arginine residues within the s.c. space is responsible for release of
GLP-1 from the POD. Upon careful observation, some faint bands
are visible below all intact fusion proteins, which may indicate
some degradation in plasma or s.c.; however, the low relative in-
tensity of these bands indicates that nonspecific degradation of the
POD is low compared with the engineered arginine cleavage and
release of GLP-1.

To visualize depot formation in vivo, NIR (near infrared)-la-
beled PODs and a soluble control were injected s.c. and imaged for
up to 1 wk postinjection. Fluorescence tomography images show
that the size of depots created by both ([G8E22]GLP)s-ELPy 60
and ([GS8E22]GLP)-ELP;,,240 PODs was larger than for the
soluble control, ([G8E22]GLP),s-ELPy;e,60. The soluble control
had also largely dissipated by 72 h postinjection (Fig. 2F), while
the ([GS8E22]GLP),s-ELP; 240 POD was clearly visible at 72 h
postinjection (Fig. 2G) and persisted for over 5 d (Figs. S7-S9).

After confirmation of the formation of a stable depot after s.c.
injection and subsequent proteolytic release of active GLP-1
monomers from the PODs, we next sought to determine whether
a single s.c. injection of a POD could provide reduction of glucose
levels over an extended period. A single s.c. injection of several
different designs of PODs (11 nmol/mouse) were administered to
mice and fed glucose levels were monitored for up to 1 wk post-
injection. We found that PODs were able to significantly extend
the glucose-lowering effect of GLP-1. While the ([GgE,,]GLP)ys-
ELP; 60 POD that has an ELP with a M, of 25 KDa provided
extended glucose reduction for up to 48 h (ANOVA P < 0.001, Fig.
3A4), the larger (|GgE2,]GLP)y-ELP; 240 POD with an ELP M,
of 100 KDa reduced glucose for up to 120 h (ANOVA P < 0.001,
Fig. 3B). These results are in stark contrast with the very tempo-
rally limited activity of [G8E22]GLP monomer (1 nmol/mouse)
that only lowers glucose levels for 1 h following s.c. injection (Fig.
3C). The importance of forming a POD is clear from the obser-
vation that the ([GgE»] GLP)-ELPy;,,60 construct that does not
form a depot but instead remains soluble upon s.c. injection only
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Fig. 3. Prolonged in vivo glucose reduction following a single injection of
PODs. (A-D) Daily fed blood glucose levels before and after a single s.c. in-
jection of (A) ([GBE22]GLP)s-ELP w60, (B) ([GgE22]GLP)ye-ELP 00240, (C)
[GgE2,]GLP, and (D) ([GsE22]GLP),6-ELPign60 (all POD constructs injected at 11
nmol/mouse, monomer [GgE,,]GLP injected at 1 nmol/mouse). Injection was
administered at the 0 h time point. *P < 0.05, **P < 0.01, ***P < 0.001. (Eand F)
IPGTT following a single injection of ({GBE22]GLP),s-ELP, ,,240. Blood glucose
levels in 7-wk-old mice during IPGTT performed at (E) 52 h and (F) 102 h after
an injection of ((G8E22]GLP),s-ELP 240 (11 nmol/mouse, ***P < 0.001).

showed a minor and transient reduction in glucose levels that only
lasted for the first 6 h postinjection (Fig. 3D).

To validate these results, an i.p. glucose tolerance test (IPGTT)
was performed 54 h and 102 h after a single injection of ([GS8E22]
GLP),s-ELP; 14240 PODs (11 nmol/mouse). IPGTT confirmed
the presence of GLP-1 and its significant effect on glucose clear-
ance: at 54 h postinjection, the area under the curve (AUC) is
reduced by 50% (P < 0.001, Fig. 3E), and at 102 h postinjection,
AUC is reduced by 37% for treated mice compared with PBS-
treated controls (P < 0.001, Fig. 3F).

Discussion

There are conceptually two strategies to improve the bioavailability
and efficacy of peptide drugs such as GLP-1 and its analogs. One
strategy employs peptide fusion to large molecular weight carriers
such as plasma proteins (27, 28), biopolymers (29), or soluble
synthetic polymers (14). However, large fusion proteins interfere
with receptor binding causing significant loss in efficacy (14, 27) and
can require expensive eukaryotic expression systems or low-yield
nonspecific chemical conjugations and expensive and complicated
postconjugation separation of the product from residual reactants.

The second approach to improve bioavailability and efficacy
involves the release of a peptide drug from an implanted or injected
sustained release device. In the case of GLP-1, Bydureon, a sus-
tained release formulation of exenatide entrapped in biodegradable
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poly(lactic glycolic acid) (PLGA) microspheres, was recently ap-
proved for once-weekly injection in humans (30). There are two
important advantages to sustained release formulations: the native,
fully active peptide is released and a broad range of release profile
can be designed by modifying the properties of the release formu-
lation. However, despite these advantages, microsphere encapsu-
lation formulations suffer significant drawbacks that mainly result
from their synthetic nature. First, the dose required by Bydureon is
14-28-fold larger compared with exenatide (31), exemplifying the
fact that microsphere optimization is difficult and in vivo behavior
can be unpredictable. Second, their preparation requires separate
synthesis of the peptide and polymer and coformulation into
microspheres of a precise size, a complex process that must be
carried out in a sterile environment (3). Third, sustained release
polymer microsphere suspensions are viscous and hence require
painful injections with large gauge needles. Fourth, degradation of
PLGA can cause fibrosis (32). Finally, peptide bioavailability may
also be significantly reduced due to peptide adsorption to the
polymer matrix and denaturation of the peptide (33).

Although there are many reports of peptide conjugation to both
proteins and synthetic polymers, to the best of our knowledge, there
have been no attempts to mimic synthetic microsphere technolo-
gies using an entirely genetically encoded system. We therefore
sought to design such a system—PODs—that we believe provides
a simple and elegant solution that circumvents the limitations of
current synthetic prolonged release formulations. We administered
PODs at 11 nmol/mouse or 66 nmol GLP-1 equivalents/mouse
compared with 1 nmol/mouse injection of DPPIV-resistant GLP
monomer administered by us and others (34). Thus, assuming
a best case scenario of 4-h glucose control by monomer GLP-1
(shown in ref. 34) and a worst case scenario of 1.5 h for the same
mutant of GLP-1 as used in the POD (Fig. 3C), the cumulative dose
to maintain the same level of glucose control would require 30
injections (compared with a single POD injection) leading to a dose
of 30 nmol/mouse (assuming 4 h glucose control) or 80 nmol/mouse
(assuming 1.5 h glucose control) over the course of 5 d. Thus, the
dose required by PODs is only ~twofold higher at worse and less
than 1.2-fold lower at best than the cumulative dose of mono-
mer GLP-1, which compares favorably with the 14-28-fold dose
inefficiency of Bydureon. This loss is also dwarfed, in our opinion,
by the significant reduction in the number of injections required.

In addition, in contrast to the complicated scale-up process in
microsphere production, GLP-1 PODs are genetically encoded as
a single polypeptide, exhibit high expression levels even in shaker
flask culture in E. coli, and can be easily purified by the phase
transition behavior imparted to a POD by its ELP domain. Im-
portantly, PODs are controlled by orthogonal design elements that
can be manipulated at the gene level, and these elements allow the
performance of the POD to be tuned in a predictable fashion. For
example, we show that a POD with a short ELP (25 KDa) provides
glucose control for 48 h, while a POD with a longer ELP (100
KDa) provides glucose control for 120 h. Because we have in hand
a large set of diverse ELPs (17), we believe that with further op-
timization PODs could be tuned for even longer durations. Ad-
ditionally, the design of the protease cleavage site between GLP-1
monomers can control the rate of peptide release. This degree of
modularity and control is difficult to access with synthetic peptide
encapsulation technologies, in our opinion.

Although these results are promising, we believe that a deeper
understanding of the mechanism of GLP-1 POD activation in vivo
is necessary to optimize PODs for clinical translation. Some in-
efficiency in using the full GLP-1 dose may be due to several rea-
sons. First, the fraction of larger M, bands corresponding to GLP-1
dimer and higher M, oligomers seen in circulation are pharmaco-
logically inactive and represent the fraction of the dose that is not
bioavailable. This problem can be addressed by mutating the pro-
tease site between GLP-1 monomers to largely yield monomeric
active GLP-1. Second, unidentified proteases may prematurely
degrade the GLP-1 that is liberated from a POD in the s.c.
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compartment or in its transit to its site of action. Should this prove
to be the case, the design of GLP-1 mutants that are more proteo-
lytically stable than the native peptide may prevent this premature
degradation. Future studies will focus on studying these issues.

Going forward, the modular and flexible genetically encoded
design of PODs should, we believe, allow variations of this new
peptide delivery system to provide capabilities that are un-
attainable with current microsphere technology. For example,
next generation PODs will include protease cleavage sites that
are not identical, but instead range from “slow” to “fast” in their
cleavage kinetics, which will provide an additional level of tem-
poral control over circulating levels of the peptide drug. More
sophisticated designs could also involve a POD in which mul-
tiple peptide drugs—with a synergistic mode of action—are in-
corporated and loaded with different number of copies of each
drug that are consistent with their required cumulative dose
and with cleavage sites that are individually tailored to release
each peptide drug at a rate that is optimized for its unique
pharmacological profile.

Materials and Methods

GLP-1 Oligomer Gene Synthesis and POD Expression. Synthetic genes encoding
GLP-1 oligomers and its mutants were assembled by Overlap Elongation
Rolling Circle Amplification (OERCA), as previously described (21). Colonies
with oligomers of (GLP-1),¢ were selected from OERCA libraries and ligated to
various ELP genes. The resulting POD constructs were expressed and purified
using a modified ITC protocol (24) detailed in S/ Materials and Methods.

Phase Transition and Secondary Structure Analysis. Secondary structures of
PODs, soluble controls, and GLP-1 monomer were studied by CD spectroscopy
using an Aviv Model 202 instrument and 1 mm quartz cells (Hellma) by
scanning from 180 nm to 280 nm with 1 nm steps and a 3 s averaging time at
19 °C. Purified constructs were dialyzed overnight against Milli-Q water, and
the solutions were diluted to 15 or 2.5 pM in water (monomer GLP-1 and
PODs, respectively). Data were considered for analysis whenever the Dynode
voltage was below 500 V (35).

To characterize the inverse transition temperature behavior of GLP-1 PODs
and soluble controls, the optical density of a 150 uM solution in PBS was
monitored at a wavelength of 350 nm as a function of temperature, with
heating and cooling performed at a rate of 1 °C min~' on a Cary 300 UV-
visible spectrophotometer equipped with a multicell thermoelectric tem-
perature controller (Varian Instruments).

Proteolysis of PODs. ([G8E22]GLP),g-ELP 240 ([GBE22]GLP),6-ELP,,,60 and
([G8E22]GLP),6-ELPigh60 PODs (5 pM), [G8E22]GLP, and native GLP-1 (30 uM)
were incubated at 16 °C or 37 °C for up to 18 h with 0.46 pg NEP protease
(Enzo). Following incubation, fractions were separated on a 10-20% Tris-
tricine SDS gel (Biorad) and stained with coomassie brilliant blue.

([G8E22]GLP)46-ELP 1,240 was incubated for 16-24 h with 1.1 pg FXa
protease (Thermo Scientific) at 16 °C, and the resulting cleavage products
were visualized on an SDS gel (NUPAGE, Invitrogen) and stained with coo-
massie brilliant blue. Several GLP-1 polymer bands were excised from the
gel for protein sequencing (Duke Proteomics facility), and a 24-h cleaved
sample was analyzed by MALDI-TOF to verify the M, of the cleaved GLP-1
oligomers (Duke Proteomics facility).

In Vitro Assay for GLP-1 Activity. The ability of GLP-1 PODs to release GLP-1
monomers after incubation with 1.1 pg FXa protease (Thermo Scientific) and
0.5 ug DPPIV (ProSpec) and to activate the GLP-1 receptor (GLP-1R) in vitro was
assessed using Baby Hamster Kidney (BHK) cells that are stably transfected
with rat GLP-1R (a gift of Drucker, University of Toronto, Toronto, Canada)
(36). Intracellular CAMP concentrations were measured using a competitive
binding assay according to the manufacturer’s instructions (Assay Designs).

Animal Studies. The 5-6-wk-old male C57BL/6J mice (37) (stock no. 000664)
were purchased from Jackson Laboratories. All experimental procedures
were approved by the Duke Institutional Animal Care and Use Committee.

Fluorescent Labeling and Imaging of in Vivo Release of GLP-1 from PODs. For
in vivo visualization, PODs were fluorescently labeled with Dylight 488-NHS
ester (Pierce) by conjugation to lysine residues in GLP-1. Labeled constructs
were injected s.c. (11 nmol/mouse). Blood samples were withdrawn from
the tail vain [10 pL in 100 pL 10% (vol/vol) heparin in PBS], and in vivo GLP-1
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release from polymers were visualized by running on a 10-20% Tris-tricine
SDS gel (Bio-Rad), and analysis of blood samples was performed by visuali-
zation of fluorescent protein bands at 488 nm with a Typhoon 9410 scanner.

In Vivo Near Infrared Fluorescence Tomography. For in vivo tomography of
depot formation, PODs were labeled with IRDye 800CW NHS Ester (LICOR) by
conjugation to lysine residues in GLP-1. All mice were anesthetized with 2%
isoflurane throughout the imaging procedures. The torsos of mice (7 wk old,
n = 3 per group) were shaved, and labeled constructs were injected s.c. (11
nmol/mouse). Images were collected immediately after injection and at 5,
24, 48, 72, 96, 120, and 144 h postinjection. Imaging was performed with an
FMT2500LX fluorescence tomography in vivo imaging system (PerkinElmer),
and the images were acquired and analyzed with TrueQuant 3D software
(PerkinElmer). When depicted in the same panel, all image intensities were
set to the maximum intensity scale of the first (0 h) image.

Fed Blood Glucose Measurements. The effect of GLP-1 PODs on fed blood
glucose levels was measured following a single s.c. injection of a POD or
soluble control. Before blood glucose measurement, the tail was wiped with
a sterilizing alcohol solution and wiped dry. A tiny incision of the mouse tail
vein was made, and the first 1 uL drop of blood was wiped off. The second 1-
2 pL blood drop was measured by a glucose oxidase test, using a hand-held
glucometer (AlphaTrack, Abbott, set to code 7). Blood glucose levels were
measured at 3 d and 1 d before initiating the experiment. On the day of
injection, animals were weighed, blood glucose was measured, and a POD
solution (11 nmol/mouse, 3.5 pl/g, 13-17 °C) or PBS was injected s.c. (n = 7—
11). Immediately following injection, mice were placed back in the cage,
with free access to food and water, and blood glucose was measured at 3, 6,
24, 48, 72, 96, 120, 144, and 168 h after the injection. Blood glucose levels
were normalized by the average glucose levels taken on the days before and
immediately before injection to reflect the percent change in glucose levels
and to correct for transient variations in glucose.
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IPGTT. At the beginning of the experiment, mice were randomly divided into
four groups (n = 5) based on two previous measurements of blood glucose.
At 9:00 AM on the first day (time = 0), all mice were injected s.c. with ([GgE25]
GLP),6-ELP_0w240 PODs (11 nmol/mouse) or PBS. In the morning of the first
IPGTT experiment (9:00 AM, 48 h following injection), two groups of mice
(injected with either PODs or PBS control) were fasted by placement in
a fresh cage and removal of food for 5 h. At the end of the fast period (52 h
following injection), mice were given 1 g glucose/kg [10% (wt/vol) sterile
glucose solution, Sigmal] via i.p. injection. Blood was drawn from the tail
vein, and glucose levels were measured using a glucometer at 0, 20, 40, 60,
90, and 120 min after glucose administration. On the morning of the sec-
ond IPGTT experiment (9:00 AM, 97 h following injection), the two
remaining groups of mice (injected with either PODs or PBS control) were
subjected to the same protocol and an IPGTT was similarly performed (102 h
following injection).

Data Analysis. Data are presented as means and SEs. Treatment effects on fed
glucose levels were first analyzed using repeated measures ANOVA for all
groups. When the initial analysis indicated a significant difference, lower
order ANOVAs were conducted to determine the effects of each treatment,
followed by post hoc evaluations of individual differences at each time point
for treatment compared with the PBS control using Fisher’s Protected Least
Significant Difference. For AUC of IPGTT evaluation, treatment and PBS
were compared using a one-tailed heteroschedastic t test.
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