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GLUCAGON-LIKE PEPTIDE 1 (GLP-1) PHARMACEUTICAL FORMULATIONS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application 1s a continuation-in-part of U.S. Application Serial No. 10/632,878,
filed July 22, 2003 and claims the benefit under 35 U.S.C. §119(¢) to U.S. Provisional
Application No. 60/744,882, filed on April 14, 2006. Each of the above-mentioned priority

applications 1s hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION

[0002] The present invention relates to the field of pharmacecutical formulations. The
present 1nvention discloses dry powder formulations comprising diketopiperazine (DKP)
particles 1n combination with glucagon-like peptide 1 (GLP-1). The present invention has utility
as a pharmacecutical formulation for treating diseases such as diabetes, cancers, and obesity but 1s
not limited to such discases. More particularly, the present invention has utility as a

pharmaceutical formulation for pulmonary delivery.

BACKGROUND TO THE INVENTION

[0003] Glucagon-like peptide 1 (GLP-1) as disclosed 1n the literature 1s a 30 or 31 amino
acid incretin, released from the intestinal endocrine L-cells in response to fat, carbohydrate
ingestion, and protein from a meal. Secretion of this peptide hormone 1s found to be impaired 1n
individuals with type 2 diabetes mellitus making it a potential candidate for the treatment of this

and other related diseases.

[0004] In the non-disease state, GLP-1 1s secreted from the intestinal L-cell in response to
orally ingested nutrients, (particularly sugars), stimulating meal-induced 1nsulin release from the
pancreas, 1nhibiting glucagon release from the liver, as well as other effects on the
gastrointestinal tract, and brain. GLP-1 effect in the pancreas 1s glucose dependent, minimizing
the risk of hypoglycemia during exogenous peptide administration. GLP-1 also promotes all
steps 1n 1nsulin biosynthesis and directly stimulates 3-cell growth and survival as well as B-cell

difterentiation. The combination of these effects results in increased B-cell mass. Furthermore,
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GLP-1 receptor signaling results 1in a reduction of B-cell apoptosis, which further contributes to

increased 3-cell mass.

[0005] In the gastrointestinal tract, GLP-1 1nhibits GI motility, increases the secretion of
insulin 1n response to glucose, and decreases the secretion of glucagon, thereby contributing to a
reduction of glucose excursion. Central administration of GLP-1 has been shown to inhibit food
intake 1n rodents, suggesting that peripherally released GLP-1 may directly affect the brain. This
1s feasible since 1t has been shown that circulating GLP-1 can access GLP-1 receptors 1n certain
brain arcas; namely the subfornical organ and the areca postrema. These arcas of the brain are
known to be involved in the regulation of appetite and energy homeostasis. Interestingly, gastric
distension activates GLP-1 containing necurons in the caudal nucleus of the solitary tract,
predicting a role for centrally expressed GLP-1 as an appetite suppressant. These hypotheses are
supported by studies employing the GLP-1 receptor antagonist, exendin (9-39) where opposite
cftects were seen. In humans, administered GLP-1 has a satiating effect (Verdich ez al., 2001),
and when given by continuous subcutancous infusion over a 6 weeks regime, diabetics exhibited

a reduction 1n appetite, which led to significant reductions in body weight (Zander et al., 2002).

[0006] GLP-1 has also been shown to be effective in patients with type 2 diabetes,
increasing insulin secretion and normalizing both fasting and postprandial blood glucose when
given as a continuous intravenous infusion (Nauck ez al., 1993). In addition, infusion of GLP-1
has been shown to lower glucose levels 1n patients previously treated with non-insulin oral
medication and 1n patients requiring insulin therapy after failure on sulfonylurea therapy (Nauck
et al., 1993). However, the effects of a single subcutancous injection of GLP-1 provided
disappointing results, as 1s noted 1 the art and discussed herein below. Although high plasma
levels of mmmunoreactive GLP-1 were achieved, insulin secretion rapidly returned to
pretreatment values and blood glucose concentrations were not normalized (Nauck ef al., 1996).
Only when repeated subcutancous administrations were performed was the effect on fasting
blood glucose comparable to intravenous administration (Nauck et al., 1996). Continuous
subcutancous administration for 6 weeks was shown to reduce fasting and postprandial glucose
concentrations, and lower HbAlc levels (Zander ef al., 2002). The short-lived effectiveness of

single subcutancous injections of GLP-1 was related to 1ts circulatory instability. It was shown
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that GLP-1 was metabolized by plasma in vitro and that the enzyme dipeptidyl peptidase-1V
(DPP-1V) was responsible for this degradation (Mentlein ez al., 1993).

[0007] With the physiological significance of GLP-1 1 diabetes and the demonstration that
exogenous GLP-1 1s rapidly amino-terminally degraded in both healthy and type 2 diabetic
subjects, many studies have addressed the possibility of manipulating the in vivo stability of
GLP-1 as a novel approach to an antidiabetic agent for the treatment of diabetes (Deacon ef al.,
2004). Two separate approaches have been pursued: 1) the development of analogs of GLP-1
that are not susceptible to enzymatic degradation and 2) the use of selective enzyme 1nhibitors to
prevent in vivo degradation and enhance levels of the intact, biologically active peptides. Long-
acting GLP-1 analogs (e.g., Liraglutide (Novo Nordisk, Copenhagen, Denmark)); exenatide
(exendin-4; Byetta®) (Amylin Inc., San Diego, CA) and (exenatide-LAR, El1 Lilly, Indianapolis,
IN)) that are resistant to degradation, called "incretin mimetics,” have been investigated in
clinical trials. Dipeptidyl peptidase IV inhibitors (e.g., Vildagliptin (Galvus) developed by
Novartis, Basel, Switzerland) and Januvia (sitagliptin) developed by Merck, Whitehouse Station,
New Jersey)3 that inhibit the enzyme responsible for incretin degradation are also under study
(Deacon et al., 2004). Thus, the multiple modes of action of GLP-1 (e.g., increased insulin
release, delayed gastric emptying, and increased satiety) together with its low propensity for

hypoglycemia appear to give 1t advantages over currently available therapies.

[0008] |[However, despite these approaches/advances in GLP-1 therapy, none of the drugs
currently available for diabetes are able to achieve therapeutic targets (HbAlc, fasting blood
glucose, glucose excursions) 1n all patients and none of them are without side effects such as
toxicity, hypoglycemia, weight gain, nausea and stress from vomiting. Therefore, there 1s still a
need 1n the art for stable GLP-1 formulations having long term effectiveness and optimal

absorption when administered as a pharmaceutical.

SUMMARY OF THE INVENTION

[0009] Stable, 1nhalable glucagon-like peptide 1 (GLP-1) formulations for use as
pharmaceutics are deficient 1n the art. In overcoming the deficiencies in the art, the present
invention provides formulations of GLP-1 in combiation with diketopiperazine (DKP) particles

as a pharmaceutic.
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[0010] Therefore, 1n particular embodiments of the present invention, a dry powder
composition comprising a GLP-1 molecule and a diketopiperazine or a pharmaceutically
acceptable salt thereof 1s provided. In further embodiments, the dry powder composition of the
present invention comprises a GLP-1 molecule selected from the group consisting of a native
GLP-1, a GLP-1 metabolite, a GLP-1 analog, a GLP-1 derivative, a dipeptidyl-peptidase-1V
(DPP-1V) protected GLP-1, a GLP-1 mimetic, an exendin, a GLP-1 peptide analog, or a
biosynthetic GLP-1 analog. In still yet a further embodiment of the present invention, the dry
powder composition comprises a diketopiperazine having the formula 2,5-diketo-3,6-di1(4-X-
aminobutyl)piperazine, wherein X 1s selected from the group consisting of succinyl, glutaryl,
maleyl, and fumaryl. In another embodiment, the dry powder composition comprises a
diketopiperazine salt. In still yet another embodiment of the present invention, there 1s provided
a dry powder composition, wherem the diketopiperazine 1s 2,5-diketo-3,6-di(4-fumaryl-

aminobutyl)piperazine.

[0011] The present invention further contemplates a dry powder composition wherein the
GLP-1 molecule 18 native GLP-1, or an amidated GLP-1 molecule wherein the amidated GLP-1
molecule 1s GLP-1 (7-36) amide.

[0012] In still yet another particular embodiment of the present invention, there 1s provided
a process for preparing a particle comprising a GLP-1 molecule and a diketopiperazine
comprising the steps of: providing a GLP-1 solution comprising a GLP-1 molecule; providing a
solution of a particle-forming diketopiperazine or a suspension of particles of a diketopiperazine;
and combining the GLP-1 solution with the diketopiperazine solution or suspension. In other
particular embodiments of the mvention, the process for preparing a particle comprising a GLP-1
molecule and a diketopiperazine further comprises removing solvent from the solution or
suspension by lyophilization, filtration, or spray drying. In still yet a further embodiment, the

particle of the mnvention 1s formed by removing solvent or 1s formed prior to removing solvent.

[0013] In an embodiment of the invention, 1n the process for preparing a particle having a
GLP-1 molecule and a diketopiperazine, there 1s provided a GLP-1 molecule selected from the
group consisting of a native GLP-1, a GLP-1 analog, a GLP-1 derivative, a dipeptidyl-peptidase-
IV (DPP-1V) protected GLP-1, a GLP-1 mimetic, an exendin, a GLP-1 peptide analog, or a

biosynthetic GLP-1 analog. In another embodiment, the process for preparing a particle having a
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GLP-1 molecule and a diketopiperazine comprises a diketopiperazine provided as a suspension
of particles. In a further embodiment, the diketopiperazine 1s provided in solution and the
process includes adjusting the pH of the solution to precipitate the diketopiperazine and form

particles.

[0014] In other particular embodiments of the invention the GLP-1 solution 1s at a

concentration of about 1 ug/ml-50 mg/ml, more preferably about 0.1mg/ml-10 mg/ml. In yet

another particular embodiment of the invention, the GLP-1 solution 1s at a concentration of about

0.25 mg/ml.

[0015] In another process for preparing a particle comprising a GLP-1 molecule and a
diketopiperazine, the process further comprises adding an agent to the solution, wherein the
agent 18 selected from salts, surfactants, 1ons, osmolytes, chaotropes and lyotropes, acid, base,
and organic solvents. The agent promotes association between the GLP-1 and the
diketopiperazine particle and also improves the stability and/or pharmacodynamics of the GLP-1
molecule. In some embodiments of the invention, the agent 1s a salt such as, but not limited to,
sodium chloride. It is also contemplated the agent may be a surfactant such as but not limited to,
Tween, Triton, pluronic acid, CHAPS, cetrimide, and Brij, H(CH;);SO4Na. The agent may be
an 10n, for example, a cation or anion. The agent may be an osmolyte (stabilizer), such as, but
not limited to Hexylene-Glycol (Hex-Gly), trehalose, glycine, polyethylene glycol (PEG),
trimethylamine n-oxide (TMAQO), mannitol, and proline. The agent may be a chaotrope or
lyotrope, such as, but not limited to, cestum chloride, sodium citrate, and sodium sulfate. The

agent may be an organic solvent for example, an alcohol selected from methanol (McOH),

cthanol (EtOH), trifluoroethanol (TFE), and hexafluoroisopropanol (HFIP).

[0016] In another particular embodiment of the present invention, there 1s contemplated a
process for preparing a particle comprising a GLP-1 molecule and a diketopiperazine, wherein
the process comprises adjusting the pH of the particle suspension to about 4 or greater. In
further embodiments of the invention, the process for preparing a particle comprises a GLP-1
molecule and a diketopiperazine, wherein the GLP-1 molecule 1in the particle has greater

stability.

[0017] Further contemplated 1n the present invention 1s a method of administering an

etfective amount of a GLP-1 molecule to a subject in need thereof, comprising providing to the
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subject a GLP-1/diketopiperazine particle. The method of administering may be intravenously,
subcutancously, orally, nasally, buccally, rectally, or by pulmonary delivery but 1s not limited to
such. In one embodiment, the method of administering is by pulmonary delivery. In still yet
another embodiment of the invention, the method of administering comprises treating a condition
or disease sclected from the group consisting of diabetes, 1schemia, reperfused tissue injury,
dyslipidemia, diabetic cardiomyopathy, myocardial infarction, acute coronary syndrome, obesity,
catabolic changes after surgery, hyperglycemia, 1rritable bowel syndrome, stroke,
neurodegencrative disorders, memory and Iearning disorders, 1slet cell transplant and

regenerative therapy.

[0018] In another embodiment of the invention, the method of administration of the GLP-

1/diketopiperazine particle composition results in mmproved pharmacokinetic half-life and

bioavailability of GLP-1.

[0019] In still yet a further particular embodiment of the present invention, there 1s
provided a method of preparing a dry powder composition with an improved pharmacokinetic
profile, comprising the steps of: providing a solution of a GLP-1 molecule; providing a particle-
forming diketopiperazine; forming particles; and combining the GLP-1 and the diketopiperazine;
and thereafter removing solvent by a method of drying to obtain a dry powder, wherein the dry
powder has improved pharmacokinetic profile. The improved pharmacokinetic profile
comprises increased half-life of GLP-1 and/or improved bioavailability of GLP-1. The increased

half-life of GLP-1 1s greater than or equal to 7.5 minutes.

[0020] In one embodiment of the present invention, a dry powder composition 18 provided
comprising a GLP-1 molecule and a diketopiperazine or a pharmacecutically acceptable salt
thercof. In another embodiment, the GLP-1 molecule 1s selected from the group consisting of
native GLP-1s, GLP-1 metabolites, GLP-1 analogs, GLP-1 derivatives, dipeptidyl-peptidase-1V
(DPP-1V) protected GLP-1s, GLP-1 mimetics, GLP-1 peptide analogs, or biosynthetic GLP-1

analogs.

[0021] In an embodiment of the present invention, the diketopiperazine 15 a
diketopiperazine having the formula 2,5-diketo-3,6-di(4-X-aminobutyl)piperazine, wherein X 18

selected from the group consisting of succinyl, glutaryl, maleyl, and fumaryl. In another
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embodiment, the diketopiperazine 1s a diketopiperazine salt. In another embodiment, the

diketopiperazine 1s 2,5-diketo-3,6-di1(4-fumaryl-aminobutyl)piperazine.

[0022] In an embodiment of the present invention, the GLP-1 molecule 1s native GLP-1. In

another embodiment, the GLP-1 molecule 1s an amidated GLP-1 molecule. In another

embodiment, the amidated GLP-1 molecule 1s GLP-1(7-36) amide.

[0023] In one embodiment of the present invention, a process 1s provided for forming a
particle comprising a GLP-1 molecule and a diketopiperazine comprising the steps of: providing
a GLP-1 molecule; providing a diketopiperazine mn a form selected from particle-forming
diketopiperazine, diketopiperazine particles, and combinations thercof; and combining the GLP-
1 molecule and the diketopiperazine in the form of a co-solution, wherein the particle comprising

the GLP-1 molecule and the diketopiperazine 1s formed.

[0024] In one embodiment of the present invention, the process further comprises removing
a solvent from said co-solution by lyophilization, filtration, or spray drying. In another
embodiment, the particle comprising said GLP-1 molecule and the diketopiperazine 1s formed by
removing the solvent. In another embodiment, the particle comprising the GLP-1 molecule and

the diketopiperazine 1s formed prior to removing the solvent.

[0025] In another embodiment, the GLP-1 molecule 1s selected from the group consisting
of a native GLP-1, a GLP-1 analog, a GLP-1 derivative, a dipeptidyl-peptidase-1V (DPP-1V)
protected GLP-1, a GLP-1 mimetic, a GLP-1 peptide analog, or a biosynthetic GLP-1 analog. In
another embodiment, the GLP-1 molecule 1s provided m the form of a solution comprising a
GLP-1 concentration of about 1ug/ml -50 mg/ml. In another embodiment, the GLP-1 molecule
1s provided 1n the form of a solution comprising a GLP-1 concentration of about 0.1mg/ml - 10
mg/ml. In another embodiment, the GLP-1 molecule 1s provided 1n the form of a solution

comprising a GLP-1 concentration of about 0.25 mg/ml.

[0026] In another embodiment of the present invention, the diketopiperazine 1s provided 1n
the form of a suspension of diketopiperazine particles. In another embodiment, the
diketopiperazine 1s provided 1n the form of a solution comprising particle-forming
diketopiperazine, the process further comprising adjusting the pH of the solution to form
diketopiperazine particles. In another embodiment, the process further comprises adding an

agent to said solution or suspension, wherein the agent 1s selected from the group consisting of
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salts, surfactants, 1ons, osmolytes, chaotropes and lyotropes, acids, bases, and organic solvents.
In another embodiment, the agent promotes association between the GLP-1 molecule and the
diketopiperazine particles or the particle-forming diketopiperazine. In another embodiment, the
agent 1mproves the stability or pharmacodynamics of the GLP-1 molecule. In another

embodiment, the agent 1s sodium chloride.

[0027] In another embodiment of the present invention, the process further comprises
adjusting the pH of the suspension or solution. In another embodiment, the pH 1s adjusted to
about 4.0 or greater. In yet another embodiment, the GLP-1 molecule 1n the particle has greater

stability than native GLP-1.

[0028] In another embodiment, the co-solution comprises a GLP-1 concentration of about 1
ug/ml-50 mg/ml. In another embodiment, the co-solution comprises a GLP-1 concentration of

about 0.1 mg/ml-10 mg/ml. In another embodiment, the co-solution comprises a GLP-1

concentration of about 0.25 mg/ml.

[0029] In still yet another embodiment of the present invention, the process further
comprises adding an agent to the co-solution, wherein the agent 1s selected from the group
consisting of salts, surfactants, 1ons, osmolytes, chaotropes and lyotropes, acids, bases, and
organic solvents. In another embodiment, the agent promotes association between the GLP-1
molecule and the diketopiperazine particles or the particle-forming diketopiperazine. In another
embodiment, the agent improves the stability or pharmacodynamics of the GLP-1 molecule. In

another embodiment, the agent 1s sodium chloride.

[0030] In another embodiment, the process further comprises adjusting the pH of the co-

solution. In another embodiment, the pH 1s adjusted to about 4.0 or greater.

[0031] In one embodiment of the present invention, a method 1s provided of administering
an cffective amount of a GLP-1 molecule to a subject in need thercof the method comprising
providing to the subject a particle comprising GLP-1 and diketopiperazine. In another
embodiment, the providing 1s carried out intravenously, subcutancously, orally, nasally,
buccally, rectally, or by pulmonary delivery. In another embodiment, the providing 1s carried

out by pulmonary delivery.
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[0032] In another embodiment, the need comprises the treatment of a condition or disease
selected from the group consisting of diabetes, 1schemia, reperfused tissue 1njury, dyslipidemia,
diabetic cardiomyopathy, myocardial infarction, acute coronary syndrome, obesity, catabolic
changes after surgery, hyperglycemia, irritable bowel syndrome, stroke, neurodegenerative

disorders, memory and learning disorders, islet cell transplant and regenerative therapy.

[0033] In another embodiment, the provision of the particle results 1n 1mproved

pharmacokinetic half-life and bioavailability of GLP-1 as compared to native GLP-1.

[0034] In one embodiment of the present invention, a method 1s provided of forming a
powder composition with an improved GLP-1 pharmacokinetic profile, comprising the steps of:
providing a GLP-1 molecule; providing a particle-forming diketopiperazine in a solution;
forming diketopiperazine particles; combining the GLP-1 molecule and the solution to form a
co-solution; and, removing solvent from the co-solution by spray-drying to form a powder with

an improved GLP-1 pharmacokinetic profile.

[0035] In another embodiment, the improved GLP-1 pharmacokinetic profile comprises an
increased GLP-1 half-life. In another embodiment, the increased GLP-1 half-life 1s greater than
or equal to 7.5 minutes. In another embodiment, the improved GLP-1 pharmacokinetic profile

comprises improved bioavailability of GLP-1 as compared to native GLP-1.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] The following drawings form part of the present specification and are included to
further demonstrate certain aspects of the present invention. The invention may be better
understood by reference to one or more of these drawings in combination with the detailed

description of specific embodiments presented herein.

[0037] FIGs. 1A-1D. Structural analysis of GLP-1 at various concentrations (pH 4, 20°C).
FIG. 1A - The far-UV circular dichroism (CD) of GLP-1 1illustrates that as the concentration
increases, the secondary structure of the peptide 18 transformed from a predominantly
unstructured conformation to a helical conformation. FIG. 1B - The near-UV CD 1llustrates that
the tertiary structure increases with increasing concentration of peptide suggesting that GLP-1

self-associates. FIG. 1C - Fluorescence emission of GLP-1 at various concentrations (pH 4,

20°C) resulting from tryptophan excitation at 280 nm. FIG. 1D - Transmission FTIR of GLP-1
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at various concentrations (pH 4, 20°C). The amide I band at 1656 cm™ indicates that GLP-1 has

a a-helical structure at concentrations > 2 mg/mL.

[0038] FIGs. 2A-2D. Structural analysis of low concentration GLP-1 at varying ionic
strength (pH 4, 20°C). FIG. 2A - The far-UV CD of 1.0 mg/mL GLP-1 1illustrates that
increasing the concentration of salt converts the unordered structure of GLP-1 1nto more ordered
a-helical structures. FIG. 2B - The near-UV CD of 1.0 mg/mL peptide demonstrates that
increasing the NaCl concentration also enhances the tertiary structure of GLP-1. FIG. 2C -
Intrinsic fluorescence emission of 1.0 mg/mL GLP-1 at varying NaCl concentrations (pH 4,
20°C) following tryptophan excitation at 280 nm. At high peptide concentrations, the maxima
decreases 1n intensity and shifts to a lower wavelength, which 1s indicative of a well-defined
tertiary structure. FIG. 2D - Tertiary structural analysis of 10 mg/mL GLP-1 at varymg 1onic
strength (pH 4, 20°C). The near-UV CD spectra demonstrate that increased 1onic strength

enhances the tertiary structure of self-associated GLP-1.

[0039] FIGs. 3A-3B. Structural analysis of 10 mg/mL GLP-1 at various temperatures (pH
4). FIG. 3A - The near-UV CD 1llustrates that GLP-1 oligomers dissociate with increasing
temperature. FIG. 3B - Structural analysis of 10 mg/mL GLP-1 at various temperatures (pH 4).
FIG. 3C - Structural analysis of 0.05 mg/mL GLP-1 at various temperatures (pH 4). The far-UV

CD 1llustrates that the peptide 1s insensitive to temperature.

[0040] FIGs. 4A—4B. Structural analysis of GLP-1 at varying pH (20°C). FIG. 4A - The
far-UV CD of 10 mg/mL GLP-1 at varying pH (20°C). As the pH 1s increased, self-associated
GLP-1 precipitates between pH 6.3 and 7.6 but retains a helical structure at pH 1.5 and 11.7.
FIG. 4B - Enlarging the spectrum at pH 7.6 reveals that the secondary structure of GLP-1 1s

unordered as a result of the concentration decrease.

[0041] FIG. 5. Resistance of 1 mg/mL GLP-1 to both deamidation and oxidation as
demonstrated by HPLC. Deamidation conditions were achieved by incubating GLP-1 at pH 10.5
for 5 days at 40° C. Oxidative conditions were achieved by incubating GLP-1 1n 0.1 % H,0; for

2 hours at room temperature.

[0042] FIGs. 6A—6B. The cffect of agitation on the tertiary structure of 1.5 and 9.4 mg/mL
GLP-1 (pH 4). The near-UV CD (FIG. 6A) and the fluorescence emission of GLP-1(FIG. 6B)
both 1llustrate that the tertiary structure of GLP-1 peptide does not significantly change due to
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agitation. Samples were agitated for both 30 and 90 min at room temperature and the

fluorescence emission spectra were collected after tryptophan excitation at 280 nm.

[0043] FIGs. 7TA-7C. The eftect of 10 freeze-thaw cycles on the tertiary structure of 1.6,
5.1 and 8.4 mg/mL GLP-1 (pH 4). Near-UV CD (FIG. 7A) and fluorescence emission of GLP-1
(FIG. 7B) both show that the tertiary structure of the peptide does not notably change due to
multiple freeze-thaw cycles. Samples were frozen at -20° C and were defrosted at room
temperature. Fluorescence emission spectra were collected after tryptophan excitation at 280

nm. Similar experiments showing the effect of 11 freeze-thaw cycles on the secondary structure

of 10 mg/mL GLP-1 (pH 4) by far-UV CD were conducted (FIG. 7C).

[0044] FIGs. 8A-8B. Salt Studies. Loading curves for GLP-1/FDKP as a function of pH
and NaCl concentration (FIG. 8A). Loading was performed at 5 mg/mL FDKP and 0.25 mg/mL
GLP-1. NaCl concentrations are expressed as mM. FIG. 8B — Depicts the amount of GLP-1
detected in the reconstituted FDKP-free control samples as a function of pH and NaCl

concentration.

[0045] FIGs. 9A-9B. Surfactant Studies. Loading curves for GLP-1/FDKP as a function
of pH and surfactant (FIG. 9A). Loading was performed at 5 mg/mL FDKP and 0.25 mg/mL
GLP-1. FIG. 9B — Depicts the amount of GLP-1 detected in the reconstituted FDKP-free

control samples as a function of pH and surfactant added.

[0046] FIGs. 10A-10D. Ion Studies. Loading curves for GLP-1/FDKP as a function of
pH and 1ons. Loading was performed at 5 mg/mL FDKP and 0.25 mg/mL GLP-1 (FIGs. 10A
and 11C). Ion concentrations are indicated in the legend (mM) Right-hand curves depicts the
results for IM NaCl. FIGs. 10B and 10D — Depict the amount of GLP-1 detected 1n the
reconstituted FDKP-free control samples as a function of pH, 1ons and 1M NacCl.

[0047] FIGs. 11-11B. Osmolyte Studies. Loading curves for GLP-1/FDKP as a function
of pH and 1n the presence of common stabilizers (osmolytes; FIG. 11A). Loading was
performed at 5 mg/mL FDKP and 0.25 mg/mL GLP-1. FIG. 11B — De¢picts the amount of GLP-
1 detected 1n the reconstituted FDKP-free control samples as a function of pH and osmolyte.

“N/A” 1indicates no osmolyte was present in the sample.
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[0048] FIGs. 12A-12B. Chaotrope/lyotrope Studies. Loading curves for GLP-1/FDKP as a
function of chaotrope or lyotrope concentration at pH 3.0 (FIG. 12A) and pH 4.0 (FIG. 12C).
Loading was performed at 5 mg/mL FDKP and 0.25 mg/mL GLP-1. FIGs. 12B and 12D -
Depict the amount of GLP-1 detected 1n the reconstituted FDKP-free control samples as a
function of pH 1n the presence of the various chaotropes or lyotropes. “N/A” 1ndicates no

chaotropes or lyotropes were present 1n the sample.

[0049] FIGs. 13A-13B. Alcohol Studies. Loading curves for GLP-1/FDKP as a function
of pH and alcohols. Loading was performed at 5 mg/mL FDKP and 0.2 5Smg/mL GLP-1. Four
alcohol concentrations were evaluated for cach alcohol 5%, 10%, 15%, and 20% v/v (FIG.
13A). TFE=trifluorocthanol; HFIP=hexafluoroisopropanol. FIG. 13B — Depicts the amount of
GLP-1 detected for reconstituted FDKP-free control samples as a function of pH and alcohol

(20%).

[0050] FIGs. 14A-14B. Loading from GLP-1/FDKP concentration studies (FIG. 14A).
Loading was performed at 5 mg/mL FDKP and the GLP-1 concentration analyzed 1s listed 1n the
X-axi1s. FIG. 14B - Scanning Electron Microscopy (SEM) 1mmages of multiple GLP-1/FDKP
formulations (at 10000x magnification) depicts clusters of spherical and rod-like GLP-1/FDKP
particle formulations. (Pamnel A) 0.5 mg/mL GLP-1 and 2.5 mg/mL FDKP; (Panel B) 0.5
mg/mL GLP-1 and 10 mg/mL FDKP; (Panel C) 0.5 mg/mL GLP-1 and 10 mg/mL FDKP 1n 20
mM sodium chloride, 20 mM potassium acetate and 20 mM potassium phosphate, pH 4.0; and
(Panel D) 10 mg/mL GLP-1 and 50 mg/mL FDKP in 20 mM sodium chloride, 20 mM potassium
acetate and 20 mM potassium phosphate, pH 4.0.

[0051] FIG. 15. Depicts the effect of stress on multiple GLP-1/FDKP formulations. The
legend 1ndicates the mass-to-mass percentage of GLP-1 to FDKP particles and the other

components that were present 1n solution, prior to lyophilization. The samples were incubated

for 10 days at 40°C.

[0052] FIGs. 16A-16C. Structure of GLP-1. FIG. 16A - Depicts the glycine-extended
form of GLP-1 (SEQ ID NO. 1) and the amidated form (SEQ ID NO. 2). FIG. 16B - Inhibition
of DPPIV activity by aprotinin. FIG. 16C - Inhibition of DPPIV activity by DPPIV inhibitor.

[0053] FIG. 17. Detection of GLP-1 after incubation i lung lavage fluid.
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[0054] FIGs. 18A-18B. Depicts the quantitation of GLP-1 in plasma. FIG. 18A shows

quantitation in 1:2 dilution of plasma. FIG. 18B shows quantitation in 1:10 dilution of plasma.

[0055] FIGs. 19A-19B. Effect of GLP-1 and GLP-1 analogs on cell survival. Effect of
GLP-1 on rat pancreatic epithelial (ARIP) cell death (FIG. 19A). Annexin V staining depicting
inhibition of apoptosis in the presence of GLP-1 and staurosporine (Stau) as single agents and in

combination (FIG. 19B). The concentration of GLP-1 1s 15nM and the concentration of

stauropsorine 18 1uM

[0056] FIG. 20. Effect of the GLP-1 analog exendin-4 on cell viability. ARIP cells were
treated with 0, 10, 20 and 40 nM exendin 4 for 16, 24 and 48 hours.

[0057] FIG. 21. The effect of the multiple GLP-1/FDKP formulations on staurosporine-

induced cell death. ARIP cells pre-treated with GLP-1 samples were exposed to 5 uM
staurosporine for 4 hours and were analyzed with Cell Titer-Glo™ to determine cell viability.
Samples were stressed at 4° and 40°C for 4 weeks. Control samples, shown on the right (Media,
GLP-1, STAU, GLP+STAU), illustrate the wviability of cells in media (without GLP-1 or
stauroporine), with GLP-1, with stauropsorine and with GLP-1 and staurosporine (note: the
oraph legend does not apply to the control samples). All of the results shown are averages of

triplicate runs.

[0058] FIGs. 22A-22B. Pharmacokinetic studies depicting single intravenous injection
(IV; FIG. 22A) and pulmonary insufffaltion (IS; FIG. 22B) 1n rats using various concentrations
of GLP-1/FDKP formulations. The legends indicate the mass-to-mass percentage of GLP-1 to
FDKP particles for the formulations analyzed.

[0059] FIGs. 23A-23B. Deccrease 1n the cumulative food consumption in rats dosed with
GLP-1/FDKP formulations at 2 hours (FIG. 23A) and 6 hours (FIG. 23B) post dose.

[0060] FIG. 24. Pharmacodynamic study of GLP-1/FDKP administered via pulmonary

insufflation 1n male obese Zucker rats. The data depicts the glucose measurements at 0, 15, 30,

45, 60 and 90 minutes for the control (air; group 1) and the GLP-1/FDKP treated (group 2).

[0061] FIG. 25. Pharmacodynamic study of GLP-1/FDKP administered via pulmonary

insufflation 1n male obese Zucker rats. The data depicts the GLP-1 measurements at 0, 15, 30,

45, 60 and 90 minutes for the control (air; group 1) and the GLP-1/FDKP treated (group 2).
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[0062] FIG. 26. Pharmacodynamic study of GLP-1/FDKP administered via pulmonary

insufflation 1n male obese Zucker rats. The data depicts the insulin measurements at 0, 15, 30,

45, 60 and 90 minutes for the control (air; group 1) and the GLP-1/FDKP treated (group 2).

[0063] FIG. 27. Pharmacokinetic study of GLP-1/FDKP with various GLP-1
concentrations administered via pulmonary insufflation in female rats. The data depicts the

GLP-1 measurements at 0, 2, 5, 10, 20, 30, 40 and 60 minutes for the control (air; group 1) and
GLP-1/FDKP treated groups 2, 3 and 4 administered 5%, 10% and 15% GLP-1 respectively.

[0064] FIG. 28. Pharmacokinetic study of GLP-1/FDKP with various GLP-1
concentrations administered via pulmonary insufflation 1n female rats. The data depicts the
FDKP measurements at 0, 2, 5, 10, 20, 30, 40 and 60 minutes for the control (air; group 1) and
GLP-1/FDKP treated groups 2, 3 and 4 administered 5%, 10% and 15% GLP-1 respectively.

[0065] FIG. 29. Pharmacodynamic study of GLP-1/FDKP in female rats administered
GLP-1/FDKP containing 15% GLP-1 (0.3 mg GLP-1) via a single daily pulmonary insufflation
(n=10) for 4 consecutive days. The data depicts average food consumption measured at predose,

1, 2, 4 and 6 hours post dose for 4 consecutive days.

[0066] FIG. 30. Pharmacodynamic study of GLP-1/FDKP i1n female rats administered
GLP-1/FDKP containing 15% GLP-1 (0.3 mg GLP-1) via a single daily pulmonary insufflation
(n=10) for 4 consecutive days. The data depicts average body weight measured at predose, 1, 2,

4 and 6 hours post dose for 4 consecutive days.

[0067] FIG. 31. Toxicokinetic study of GLP-1/FDKP 1n monkeys administered GLP-
1/FDKP via oronasal administration once daily (for 30 minutes a day) for 5 consecutive days.

The data depicts the peak plasma concentrations (Cpax) of GLP-1 1n males and females. Animals
recerved control (air; group 1), 2 mg/kg FDKP (group 2) or 0.3, 1.0, or 2.0 mg/kg GLP-1/FDKP
(groups 3, 4, and 5 respectively).

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0068] Stable, 1nhalable glucagon-like peptide 1 (GLP-1) formulations for use as
pharmaceutics are deficient in the art. This 18 due to the instability of GLP-1 peptide in vivo.
GLP-1 compounds tend to remain 1n solution under a number of conditions, and have a relatively

short in vivo half-life when administered as a solution formulation. Further, dipeptidyl-peptidase
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IV (DPP-1V,) which 1s found to be present in various biological fluids such as the lung and
blood, greatly reduces the biological half-life of GLP-1 molecules. For example, the biological
halt-life of GLP-1(7-37) has been shown to be 3 to 5 minutes; see U.S. Patent No. 5,118,666.
GLP-1 has also been shown to undergo rapid absorption in vivo following parenteral
administration.  Similarly, amide GLP-1(7-36) has a half-life of about 50 minutes when

administered subcutancously; see also U. S. Patent No. 5,118,666.

[0069] The rapid clearance and short half-life of GLP-1 compositions 1n the art present a
deficiency that the current invention overcomes. The present invention overcomes the
deficiencies 1n the art by providing an optimized native GLP-1/FDKP (fumaryl diketopiperazine)
formulation especially suited for pulmonary delivery. In other particular aspects, the present
invention provides formulations of a native GLP-1 molecule that can elicit a GLP-1 response in

vivo. Use of variants of native GLP-1 1n such formulations 1s also contemplated.

[0070] To overcome the deficiencies 1n the art, the present invention provides formulations
of GLP-1 in combination with diketopiperazine (DKP) particles. In particular embodiments of
the mnvention, the GLP-1/DKP formulations are provided for administration to a subject. In
further particular embodiments, the GLP-1/DKP formulations comprise fumaryl
diketopiperazine (FDKP), but are not limited to such, and can include other DKPs (asymmetrical
DKPs, xDKPs) such as 2,5-diketo-3,6-di(4-succinyl-aminobutyl)piperazine (SDKP),
asymmetrical diketopiperazines including ones substituted at only one position on the DKP ring
(for example "one armed" analogs of FDKP), and DKP salts. In other particular embodiments of

the invention, administration of the GLP-1/FDKP formulation 1s by pulmonary delivery.

[0071] In developing therapeutic formulations of GLP-1 molecules the structural
characteristics of GLP-1 1n solution were evaluated by employing various biophysical and
analytical techniques which included far-ultraviolet circular dichroism (far-UV CD), near-
ultraviolet circular dichroism (necar-UV CD), intrinsic fluorescence, fourier transform infrared
spectroscopy (FTIR), high pressure liquid chromatography (HPLC), and mass spectroscopy
(MS). The technique of circular dichroism (CD) 1s a powerful tool used to analyze the structural
changes of a protein under varymng experimental conditions and 1s well known 1n the art. The
experimental conditions under which these analyses were conducted included: the effects of

concentration, 1onic strength, temperature, pH, oxidative stress, agitation, and multiple fr