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GLP-1R AGONISTS AND USES THEREOF

CROSS REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of U.S. Provisional Patent Application Serial No.
62/458,744 filed February 14, 2017, which is expressly incorporated herein by reference in its

entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

This invention was made with government support under Grant No. UL1 RR024975-
01 awarded by the National Center for Research Resources and Grant No. 2 UL1 TR000445-
06 awarded by the National Center for Advancing Translational Sciences. The Government

has certain rights in the invention.

FIELD
The present disclosure relates to glucagon-like peptide-1 receptor (GLP-1R) agonists
and methods of treating or preventing allergic inflammation and/or methods of treating or

preventing respiratory synoviial virus {RSV) infection.

BACKGROUND

IL-33 is one of the most consistently associated gene candidates for asthma identified
by genome wide association studies (GW AS) in diverse ethnic groups. IL-33 is predominantly
produced by epithelial cells in response to protease containing aeroallergens and its release is
mediated by dual oxidase 1 (DUOX1). IL-33 activates group 2 innate lymphoid cells (ILC2)
to produce the type 2 cytokines IL-5 and IL-13 that initiate innate immunity-driven allergic
responses. In addition, IL.-33 polarizes naive CD4 T cells to differentiate into effector T helper
2 (Th2) cells, which produce IL-4, IL-5, and IL-13 that are responsible for adaptive immunity-
mediated allergen-induced responses. Therefore, IL-33 is a central mediator of both innate and
adaptive immunity regulated allergic inflammation in the lung that have a role in the
pathogenesis of conditions such as asthma, and 1L-33 has been deemed to be an important
therapeutic target in inhibiting allergic diseases. However, there have been no reports
identifying pharmacologic agents which inhibit lung IL-33 protein release or expression.

Glucagon-like peptide-1 (GLP-1) is a peptide hormone synthesized and released by
enteroendocrine L-cells in the ileum and large intestine following oral food intake. GLP-1 has

a role in glycemic control by inducing glucose-dependent insulin secretion from B-cells and
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inhibiting glucagon release from a-cells in the pancreas. GLP-1 also induces weight loss by
promoting satiety. GLP-1 receptor (GLP-1R) agonists, such as liraglutide and exenatide are
approved by the Food and Drug Administration (FDA) for treatment of type 2 diabetes (T2D).

Several studies report that GLP-1R agonists had anti-inflammatory effects in multiple
disorders including T2D. For instance, GLP-1R agonist administration decreased TNFo and
IL-6 production by peripheral blood mononuclear cells (PBMC) of obese patients with T2D
and diabetic mouse adipose tissue. In addition, the GLP-1R agonist, exendin-4, reduced serum
inflammatory cytokines during LPS-induced endotoxemia, liver inflammation, and aortic
atherosclerosis in a rodent model. These data indicate that GLP-1R agonists down-regulate
innate inflammatory responses to endotoxins or endogenous inflammatory mediators. Further,
it has been reported that liraglutide attenuated bleomycin-induced pulmonary fibrosis and
OV A-induced chronic airway inflammation. However, no studies have reported the effect of
GLP-1R agonists on lung IL-33 expression or release, the effect of GLP-1R agonists on the
innate allergic inflammatory response that is mediated by ILC2, or the effect of GLP-1R
agonists on respiratory syneytial virus {RSV) infection.

The compounds, compositions, and methods disclosed herein address these and other

needs.

SUMMARY

Disclosed herein are methods of treating allergic disorders and respiratory svncyiial
virus {RSV) infections with a glucagon-like peptide-1 receptor (GLP-1R) agonist. The
inventors found that GLP-1R agonists inhibited IL.-33 expression and release from the lungs of
mice in response to an airway challenge the allergen extract of the aeroallergen Alfernaria
alternata, an aeroallergen which has protease activity and which is associated with severe
asthma exacerbations. This is the first study to identify an FDA approved pharmacologic agent
that inhibits lung IL-33 release, providing an alternative to biologic therapies that target IL-33-
mediated diseases.

In some aspacts, disclosed herein i3 a method of freafing or preventing an allergic
disease m a subject who has, or is at risk of developing an allergie disease, comprising
admimstering o the subject 4 therapeutically effective amount of a glucagon-like peptide-1
receptor ({zLP-1R} agonist.

In some embodiments, the allergic disease is selected from the group consisiing of
altergic hung disease, asthma, food allergy, allergen-mduced airway bhyperresponsiveness,
allergen-induced oflaromation, rluniis, ablergic thinitis, cosinoplulic esophagins, chronic
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urticaria, atopic dermatifis, occupational allergy, alfergic conjunctivitis, hay fever, airborne
allergic sensitivities, stinging insect allergy, byvpersersitivity pnewrsonifis, eosinophilic lung
diseases, inflammaiory bowe! disease. uleerative colitis, and Crohw's disease. In some
embodimenis, the allergic disease 15 allergic lung disease. In some embodiments, the allergic
disease 18 asthina.

in some embodiments, the GLP-1R agorest 1s selected from the group consisting of &
polvpeptide. an antibody., a nucleic acid, an aptamer, or a small moleculz In soms
embodiments, the GLP-1R agonistis a poly peptide. In some embodiments, the GLP-1R agonist
13 selected from the group consishing of liraglufide, exenatide, hiisenatide, albiglufide,
dulaghutide, semaglunde, and taspoglunde. In some embodiments, the GLP-1R agomst is
firagiutide.

In sorse emboduments, the subject i a human,

in some aspects, disclosed herein 15 2 method of treating or preventing allorgic hung
disease int a subject wha has, or 15 af risk of developing an allergic lung disease, comprising
admimistering 1o the subiect a therapeotically effective amount of a glucagon-like peptide-1
receptor (L P-1R) agonist.

in some aspects, disclosad herein is a method for treating or preventing an miterleukin-
33 {1L-33) mediated disgase or disorder in a subject, the method comprising: adminigiering (o
the subiect a therapeutically effective amount of a glucagon-like peptide-1 receptor (GLF-1R}
agonist.

in sore embodiments, the ivierfenkin-33 {$L-33) madiated disease or disorder selected
from any inflammatory disease or disorder such as, but not Hmited fo, asthina, altergy, allergic
shinthie, allergic airway inflammation, atopic dermatitis {AD), chronic obstructive pulmonary
disease (COPD), respiratory svoevial virus (REV) mifection, wnflanvuatory bowel disease
(1BD), rnltiple sclerosis, arthritis, psoriasis, ensinophulic esophagitis, eosinoplulic pneumonia,
sosinophilic  psopasis, hypereosinophihic syndrome,  graft-versus-host  disease,  uveitis,
cardiovascular disease, pain, multiple sclerosis, lupus, vascuhtis, chronic wdiopathic wricania
anit Bosinophilic Granulomatosie with Polvangiitis (Churg-Strauss Syndrome).

in some aspects, disclosed herein is a method of treating or preventing a respiratory
synoviial vivus (RSV) mfection i a subject in need thereof, comprising admnistering to the

subject g therapeunically effective arsount of a glucagon-like peptide-1 receptor (GLP-1R}

In some embodiments, the subject 15 al risk for a respivatory synevtial virns (REV)

wmfeciion,
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BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying figures, which are incorporated in and constitute a part of this
specification, illustrate several aspects described below.

FIG 1. GLP-1R expression on lung epithelial cells. A and B, RT-PCR of GLP-1R in
(A) human lung and (B) mouse lung. Results are representative of 3 different samples. RT=
reverse transcriptase. C, The gating strategy of epithelial cells and endothelial cells. D,
Representative histograms of mApple (GLP-1R) expression on CD45- CD146"EpCAM-
endothelial cells and CD45- CD146"EpCAM" epithelial cells in the lungs from WT mice (filled
gray area) or GLP-1R/mApple reporter mice (black line). Results are representative of 3
different mice.

FIG 2. GLP-1R agonist treatment suppresses Alternaria extract-induced IL-33
expression in lung epithelial cells. A, Mice were challenged with Alternaria extract intranasally
for 4 consecutive days. GLP-1R agonist or its vehicle was administered subcutaneously on day
-2 and -1, and then every 4 h before and after A/ternaria extract-challenge on day 0-3. The dose
of GLP-1R agonist was 0.05 mg/kg on day -2, 0.1 mg/kg on day -1, and 0.2 mg/kg on day O -
3. B, Representative histograms of citrine (IL-33) expression on CD45- EpCAM™ cells in the
lungs from WT mice (filled gray area) or IL-33%"* reporter mice challenged with vehicle-
PBS (black line), GLP-1R agonist-PBS (orange line), vehicle-Alfernaria extract (blue line),
and GLP-1R agonist-A{ternaria extract (green line). C-E, The MFI, the percentage, and the
number of Citrine® CD45- EpCAM" cells in the lung. The results are representative of 2
independent experiments, and shown as mean = S.E.M. of 3 mice in PBS-challenged groups
and 5 mice in Alternaria extract-challenged groups. Veh=vehicle. PBS=phosphate buffered
saline. EC=epithelial cells * P< 0.05

FIG 3. GLP-1R agonist treatment suppresses Alternaria extract-induced IL-33 release
in the BAL fluid. A, GLP-1R agonist or its vehicle was administered subcutaneously on day -
2 and -1, and then 4 h before Alfernaria extract-challenge on day 0. The dose of GLP-1R
agonist was 0.05 mg/kg on day -2, 0.1 mg/kg on day -1, and 0.2 mg/kg on day 0. The BAL
fluids were harvested 1 h after the Alternaria extract-challenge on day 0. B, The protein level
of IL-33 in the BAL fluid was measured by ELISA. n=4 for PBS-challenged groups, and n=8
for Alternaria extract-challenged groups. C, Quantity of DUOX1ImRNA expression in the lung
was measured by real-time PCR. n=5 for each group. The all results are combined with 2
independent experiments, and shown as mean + S.E.M. Veh=vehicle. PBS=phosphate buffered
saline. * P<0.05
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FIG 4. GLP-1R agonist treatment suppresses the number of mouse lung ILC2
expressing IL-5 and IL-13 in response to airway Alternaria extract-challenge. A,
Representative histograms of mApple (GLP-1R) expression on ILC2 from WT mice (filled
gray area) or GLP-1R/mApple reporter mice (black line). Result is a representative of 3
different mice. B-D, Flow cytometric analysis of the number of total, IL-5*, and IL-13" ILC2
in the lung. The results are combined with 2 independent experiments, and shown as mean +
S.EEM. of 4 mice in PBS-challenged groups and 8 mice in A/fernaria extract-challenged
groups. Veh=vehicle. PBS=phosphate buffered saline. * P< 0.05

FIG 5. GLP-1R agonist treatment suppresses A/ternaria extract-induced cytokine and
chemokine expression in the lung and airway. BAL fluid and lungs were harvested 24 h after
the last Alternaria extract-challenge to measure the protein expression of IL-4, IL-5, IL-9, IL-
13, CCL11, CCL17, CCL22, and CCL24 by ELISA. The results are combined with 2
independent experiments, and shown as mean = S.E.M. of 6 mice in PBS-challenged groups
and 11 mice in Alternaria extract-challenged groups. Veh=vehicle. PBS=phosphate buffered
saline. * P<0.05

FIG 6. GLP-1R agonist treatment suppresses eosinophilia, mucus production, and
airway responsiveness in response to airway Alfernaria extract-challenge. A, Cell differentials
from BAL fluid harvested 24 h after the last Alternaria extract-challenge. n=6 for PBS-
challenged groups, and n=11 for Alternaria extract-challenged groups. B, Representative
sections and C, eosinophil score as determined by anti-MBP antibody staining. n=5 for each
group. D, Representative sections and E, mucus score as determined by PAS staining. n=4 for
PBS-challenged groups, and n=10 for Alternaria extract-challenged groups. The lungs for
histological analysis were harvested 48 h after the last A/ternaria extract-challenge. F, Airway
resistance to increasing dose of methacholine challenge. n=7 for PBS-challenged groups, and
n=16 for Alternaria extract-challenged groups (* P< 0.05 compared with vehicle-PBS. ** P<
0.05 compared with vehicle-A/fernaria). The all results are combined with 2 independent
experiments, and shown as mean + S.E.M. Veh=vehicle. PBS=phosphate buffered saline.
Mch= methacholine. * P<0.05

FIG. 7. GLP-1R agonist decreases RSV-induced type 2 responses and
immunopathology. (A) ELISA for IL-13 in whole lung homogenate (right lung only). (B) Total
number of IL-13" ILC2, (C) Th2 cells, and (D) basophils. (E) Representative IL-13 expression
measured by flow cytometry in ILC2. (F) Representative PAS-stained section of mucus-
containing airways in the lungs (40x magnification); arrowhead denotes intraluminal mucus

strand. (G) Quantification of airway mucus from the experiment in A. (H) Airway
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responsiveness and (I) BAL cell counts. Data plotted as mean + SEM. n = 3-6 mice per group
representative of 3 (A) or 2 (B-G & 1) independent experiments. n = 6-12 mice per group
combined from 2 independent experiments (H). *p < 0.05, **p < 0.01, ***p < 0.001 by one-
way (B & E-H) or two-way (C-D) ANOVA. BL = baseline.

FIG. 8. GLP-1R signaling decreases IL-33, does not increase viral titer or decrease IFN-
v production, and associates with acute bronchiolitis in humans. (A) Total number of IL-33*
epithelial cells, (B) MFI of IL-33 expression in epithelial cells, (C) representative IL-33
expression measured by flow cytometry in epithelial cells, and (D) ELISA for IL-33 in whole
lung homogenate (left lung only). (E) Lung mRNA RSV M protein expression normalized to
GAPDH. (F) ELISA for IFN-y in whole lung homogenate (right lung only). (G) Phenome-wide
association study (PheWAS) plot for THADA rs7578597 using logistic regression assuming
an additive genetic model adjusted for age, sex, study site, and the first 3 principal components.
17578597 associated with acute bronchiolitis (OR = 1.24, P = 6.3 x 107%). Data plotted as mean
+ SEM. n = 3-6 mice per group representative of 2 independent experiments (A-F). *p < 0.05,
*p < 0.01, *#**p < 0.001 by one-way (A-B, D, & F) or two-way (E) ANOVA. NS = not
significant.

FIG. 9. RSV 12/12-6 induces lung IL-13 and mucus production. BALB/cJ mice were
infected with 9 x 10° PFU of RSV strain 12/12-6. ELISA for (A) IL-13 and (B) IFN-y in the
whole lung homogenate (both lungs) 6 days after infection. (C) Representative PAS-stained
section of mucus-containing airway in the lungs 8 days after infection. Data plotted as mean +
SEM. n = 5 mice per group. ***p < 0.001 by one-way ANOV A. Dashed line is the limit of
detection of the assay.

FIG. 10. Protocol for in vivo administration of GLP-1R agonist or vehicle and
subsequent infection with RSV or mock preparation. Treatment with the GLP-1R agonist
liraglutide or vehicle (0.1% BSA in PBS) was initiated in BALB/cJ mice on day -2. Mice were
infected with 9 x 10° PFU of RSV strain 12/12-6 or mock inoculum on day 0. Treatment was
given twice daily until the mice were euthanized.

FIG. 11. GLP-1R agonist decreases RSV-induced whole lung IL-13 accumulation and
airway mucus production. BALB/cJ mice were treated with GLP-1R agonist or vehicle and
infected with 9 x 10° PFU of RSV strain 12/12-6 or mock inoculum. (A) Protocol for in vivo
administration of GLP-1R agonist or vehicle and simultaneous infection with RSV or mock
preparation. (B) ELISA for IL-13 in whole lung homogenate 6 days after infection. (C)
Quantification of airway mucus in the lungs 8 days post-infection. Data plotted as mean +
SEM. n =5 mice per group. *p < 0.05 by unpaired t-test.

6
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FIG. 12. Flow gating for ILC, CD4+ T cells, NK cells, basophils, and epithelial cells.
(A) ILC were defined as viable Lin- CD45+ CD25+ CD127+ cells. (B) CD4+ T cells were
defined as viable CD3+ CD4+ cells. (C) Basophils were defined as viable FceRI+ DX5+ cells.
(D) NK cells were defined as viable DX5+ CD3- cells. (E) Epithelial cells were defined as
viable CD45- CD146+ EpCAM+ cells.

FIG. 13. GLP-1R agonist decreases IL-13-producing ILC2, Th2 cells, and basophils 6
days after RSV infection. BALB/cJ mice were treated with GLP-1R agonist or vehicle and
infected with 9 x 10° PFU of RSV strain 12/12-6 or mock inoculum. (A) Percent of ILC that
are IL-13+. MFT of (B) IL-13 and (C) CD127 staining in ILC2. Representative MFI of (D) IL-
13 and (E) CD127 staining in ILC2 by flow cytometry. (F) Total number of live lung cells, (G)
CD4+ Th2 cells, and (H) basophils. Data plotted as mean + SEM. n = 3-6 mice per group
representative of 2 independent experiments. *p < 0.05, **p <0.01, ***p <0.001 by one-way
ANOVA.

FIG. 14. GLP-1R agonist decreases whole lung IL-33 protein expression and IL-33-
expressing epithelial cells 12 hours after RSV infection. //33Citrine/+ reporter mice were
treated with GLP-1R agonist or vehicle and infected with 9 x 10° PFU of RSV strain 12/12-6
or mock inoculum. (A) Total number of live lung cells and (B) percent of epithelial cells that
are IL- 33+ Data plotted as mean + SEM. n = 3-6 mice per group representative of 2
independent experiments. *p < 0.05, **p <0.01, ***p < 0.001 by one-way ANOVA.

FIG. 15. GLP-1R agonist does not decrease interferon responses during RSV infection.
BALB/cJ mice were treated with GLP-1R agonist or vehicle and infected with 9 x 10° PFU of
RSV strain 12/12-6 or mock inoculum. (A) Total number of IFN-y+ Th1 and (B) IFN-y+ NK
cells 6 days after infection. ELISAs for (C) IFN-a, (D) IFN-B, and (E) IL-27 in whole lung
homogenate 12 hours after infection. Serum (F) insulin and (G) glucose 6 days after infection.
Data plotted as mean + SEM. n = 3-6 mice per group representative of 3 (A-E) or 1 (F-G)
experiments. *p < 0.05 and **p < 0.01 by one-way (A-B & F-G) or two-way (C-E) ANOVA.
NS = not significant.

FIG. 16. Protocol for administration of GLP-1R agonist or vehicle, primary RSV or
mock infection, and subsequent secondary RSV or mock infection. BALB/cJ mice were treated
with GLP-1R agonist or vehicle beginning on day -2 and infected with 9 x 10° PFU of RSV
strain 12/12-6 or mock inoculum on day 0. Treatment was given twice daily until day 8. On
day 30, mice were infected a second time with 9 x 10° PFU of RSV strain 12/12-6 or mock

moculum.
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FIG. 17. GLP-1R agonist treatment during primary infection prevents airway
inflammation and does not reduce anti-RSV antibody responses or lung IFN-y protein
expression during secondary RSV infection. BALB/cJ mice were treated with GLP-1R agonist
or vehicle and infected with 9 x 10° PFU of RSV strain 12/12-6 or mock inoculum. Mice were
re-infected 30 days after primary infection, and serum was collected 6 days after secondary
infection. (A) BAL cell counts 6 days post-infection. (B) ELISA for IFN-y in whole lung
homogenate (right lung only). ELISA for RSV F-protein-specific (C) IgG, (D) IgGl, and (E)
IgG2a. Data plotted as mean + SEM. n = 6-12 mice per group combined from 2 independent
experiments. One-way ANOV A. NS = not significant.

DETAILED DESCRIPTION

Disclosed herein are methods of treating allergic disorders and respiratory svncytial
virus {RSV) infections with a GLP-1R agonist. The inventors found that GLP-1R agonists
inhibited IL-33 expression and release from the lungs of mice in response to an airway
challenge the allergen extract of the aeroallergen Alternaria alternata, an aeroallergen which
has protease activity and which is associated with severe asthma exacerbations. This is the first
study to identify an FDA approved pharmacologic agent that inhibits lung IL-33 release,
providing an alternative to biologic therapies that target IL-33-mediated diseases.

Reference will now be made in detail to the embodiments of the invention, examples
of which are illustrated in the drawings and the examples. This invention may, however, be
embodied in many different forms and should not be construed as limited to the embodiments
set forth herein.

Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood to one of ordinary skill in the art to which this disclosure
belongs. The term “comprising™ and variations thereof as used herein is used synonymously
with the term “including™ and variations thereof and are open, non-limiting terms. Although
the terms “comprising” and “including” have been used herein to describe various
embodiments, the terms “consisting essentially of” and “consisting of”” can be used in place of
“comprising” and “including” to provide for more specific embodiments and are also disclosed.

The following definitions are provided for the full understanding of terms used in this

specification.
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Terminology

As used in the specification and claims, the singular form “a,” “an,” and “the” include
plural references unless the context clearly dictates otherwise. For example, the term “a cell”
includes a plurality of cells, including mixtures thereof.

2 ¢

As used herein, the terms “may,” “optionally,” and “may optionally” are used
interchangeably and are meant to include cases in which the condition occurs as well as cases
in which the condition does not occur. Thus, for example, the statement that a formulation
“may include an excipient” is meant to include cases in which the formulation includes an
excipient as well as cases in which the formulation does not include an excipient.

As used here, the terms “beneficial agent” and “active agent” are used interchangeably
herein to refer to a chemical compound or composition that has a beneficial biological effect.
Beneficial biological effects include both therapeutic effects, i.e., treatment of a disorder or
other undesirable physiological condition, and prophylactic effects, i.e., prevention of a
disorder or other undesirable physiological condition. The terms also encompass
pharmaceutically acceptable, pharmacologically active derivatives of beneficial agents
specifically mentioned herein, including, but not limited to, salts, esters, amides, prodrugs,
active metabolites, isomers, fragments, analogs, and the like. When the terms “beneficial
agent” or “active agent” are used, then, or when a particular agent is specifically identified, it
is to be understood that the term includes the agent per se as well as pharmaceutically
acceptable, pharmacologically active salts, esters, amides, prodrugs, conjugates, active
metabolites, isomers, fragments, analogs, etc.

As used herein, the terms “treating” or “treatment” of a subject includes the
administration of a drug to a subject with the purpose of preventing, curing, healing, alleviating,
relieving, altering, remedying, ameliorating, improving, stabilizing or affecting a disease or
disorder, or a symptom of a disease or disorder. The terms “treating” and “treatment™ can also
refer to reduction in severity and/or frequency of symptoms, elimination of symptoms and/or
underlying cause, prevention of the occurrence of symptoms and/or their underlying cause, and
improvement or remediation of damage.

As used herein, the term “preventing” a disorder or unwanted physiological event in a
subject refers specifically to the prevention of the occurrence of symptoms and/or their
underlying cause, wherein the subject may or may not exhibit heightened susceptibility to the
disorder or event.

By the term “effective amount™ of a therapeutic agent is meant a nontoxic but sufficient

amount of a beneficial agent to provide the desired effect. The amount of beneficial agent that

9
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is “effective” will vary from subject to subject, depending on the age and general condition of
the subject, the particular beneficial agent or agents, and the like. Thus, it is not always possible
to specify an exact “effective amount.” However, an appropriate “effective” amount in any
subject case may be determined by one of ordinary skill in the art using routine
experimentation. Also, as used herein, and unless specifically stated otherwise, an “effective
amount” of a beneficial can also refer to an amount covering both therapeutically effective
amounts and prophylactically effective amounts.

An “effective amount” of a drug necessary to achieve a therapeutic effect may vary
according to factors such as the age, sex, and weight of the subject. Dosage regimens can be
adjusted to provide the optimum therapeutic response. For example, several divided doses may
be administered daily or the dose may be proportionally reduced as indicated by the exigencies
of the therapeutic situation.

As used herein, a “therapeutically effective amount™ of a therapeutic agent refers to an
amount that is effective to achieve a desired therapeutic result, and a “prophylactically effective
amount” of a therapeutic agent refers to an amount that is effective to prevent an unwanted
physiological condition. Therapeutically effective and prophylactically effective amounts of a
given therapeutic agent will typically vary with respect to factors such as the type and severity
of the disorder or disease being treated and the age, gender, and weight of the subject.

The term “therapeutically effective amount” can also refer to an amount of a therapeutic
agent, or a rate of delivery of a therapeutic agent (e.g., amount over time), effective to facilitate
a desired therapeutic effect. The precise desired therapeutic effect will vary according to the
condition to be treated, the tolerance of the subject, the drug and/or drug formulation to be
administered (e.g., the potency of the therapeutic agent (drug), the concentration of drug in the
formulation, and the like), and a variety of other factors that are appreciated by those of
ordinary skill in the art.

As used herein, the term “pharmaceutically acceptable” component can refer to a
component that is not biologically or otherwise undesirable, i.e., the component may be
incorporated into a pharmaceutical formulation of the invention and administered to a subject
as described herein without causing any significant undesirable biological effects or interacting
in a deleterious manner with any of the other components of the formulation in which it is
contained. When the term “pharmaceutically acceptable” is used to refer to an excipient, it is
generally implied that the component has met the required standards of toxicological and
manufacturing testing or that it is included on the Inactive Ingredient Guide prepared by the

U.S. Food and Drug Administration.
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Also, as used herein, the term “pharmacologically active” (or simply “active™), as in a
“pharmacologically active™ derivative or analog, can refer to a derivative or analog (e.g., a salt,
ester, amide, conjugate, metabolite, isomer, fragment, etc.) having the same type of
pharmacological activity as the parent compound and approximately equivalent in degree.

As used herein, the term “mixture” can include solutions in which the components of
the mixture are completely miscible, as well as suspensions and emulsions, in which the
components of the mixture are not completely miscible.

As used herein, the term “subject” or “host” can refer to living organisms such as
mammals, including, but not limited to humans, livestock, dogs, cats, and other mammals.
Administration of the therapeutic agents can be carried out at dosages and for periods of time

effective for treatment of a subject. In some embodiments, the subject is a human.

Methods

In some aspacts, disclosed herein i3 a method of freafing or preventing an allergic
disease m a subject who has, or is at risk of developing an allergie disease, comprising
admimstenng o the subject s therapeutically effective amount of a glucagon-like peptide-1
receptor ({zLP-1R} agonist.

In some embodiments, the allergic disease is salected from the group consisiing of
altergic hung disease, asthma, food allergy, allergen-mduced airway hyperresponsiveness,
allergen-induced oflaromation, rluniis, ablergic thinitis, cosinoplulic esophagins, chronic
urticaria, atopic dermatitic, occupational allergy, allergic conjunctivitis, hav fever, airbome
allergic sensitivitigs, stinging insect allergy, bvpersensitivity pneumonitis, eostnophilic lung
diseases, inflammatory bowel disease, uwleerative colitis, and Crohm's disease. In some
embodivoends, the allergic disease 1s allergic lung disease. In some embodiments, the aliergic
disease 15 asthma.

In some embodiments, the allergic disease is selected from the group consisting of
allergic sinusitis, anaphylactic syndrome, angioedema, allergic contact dermatitis, erythema
nodosum, and erythema multiforme.

in some embodiments, the GLP-1R agonist 15 selected from the group consisting of a
polvpeptide, an antibodyv, a nucleic acd, an aptamer, or a small mwolecole. In some
emabodimends, the GLP-1R agonist is a polypeptide. i some embodiments, the GLP-1R agomst
s sefected from the group consisting of hiraghutide, exenatide, xisenatide, albiglutide,
dudaglutide, semaglutide. and taspoghutide. In some ernbodiments, the GLP-1R agomst 1
tiraghutide,
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In some embodiments, the subiect 13 a human

o soroe aspects, disclosed herein 18 a method of treating or preventing stlergic lung
disease 10 a sulyect who has, or is at nisk of developing an allergic lung disease, comyprising
admnisiering 1o the sublect a therapewdically effective amount of a glucagon-like peptide-1
receptor (GEP-1R} agonist

in some embodiments, the GLP-1R agorest 1s selected from the group consisting of &
polvpeptide. an antibody., a nucleic acid, an aptamer, or a small moleculz In soms
embodiments, the GLP-1R agonist is selected from the group consisting of liragiotide,
exenatide, lUsisenatide, albigintide, dulaglutide, semaghunide, and taspoghutide Tn some
erghodiroents, the GLP~-1R agonist is bragluhde,

in some embodiments, the subiect 1s 8 human.

In some aspects, disclosed herein 15 a wethod of freating or preventing an allergic
disease 1 a subject, comprising advumstermyg to the subject a therapeutically effective smount
of a glucagon-like peptide-1 receptor (GLP-1R} agonst.

in some aspects, disclosed hergin i3 a method for reating or preventing an mierleukin-
33 {(1.-33) mediated disease or disorder i a subject, the roethod coroprising: adounisiering to
the subject a therapeunically effective amount of a glucagon-like peptide-1 receptor (GLP-1 R}
agonist.

As used herein the terv “HL-33 yoediated disease or disorder”™ may be selected from any
mflammatory disease or disorder such as, but not houted 1o, asthmag, allergy, allergic thinitis,
allergic airrway inflammation, atopic dermatitis (AD), chronic obstructive pulmonary diseass
{COPD, respiratory syneoyvtial virus {REV) infection, inflammaiory bowel disease (IBE,
mittiple sclerosis, arthritie, psoriasis, eosinophilic esopbagitis, eosmophilic pneumonia,
eosmmophilic peoriasis, hypereosinophilic syndrome, grafi-versus-host disease, uveihs,
cardiovascular disease, pain, multiple sclerosis, lupus, vasculifis. chronic idiopathic urticaria
and Eosinoplulic Granulomaiosis with Polvangiitis (Charg-Strauss Syndrome}.

The asthma may be selected from the group consisting of allergic asthma. non-ghergic
asthma, severe refractory asthma. asthuna exacerbations, viral-induced asthma or viral-inducad
asthma exacerbations, steroid resistant asthma, stercid sensitive asthma, eosinophilic asthma
or non~eosinophilic asthma and other related disorders characterized by atrway nflamynation
or airway hyperresponsiveness { AHR)

The COPD may be a diseasse or disorder associated in part with, or caused by, cigaretie
smoke, alr pollution, ccoupational chenvcals, allergy or alrway hy perresponsiveness.
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The allerpy may be associated with foods, polien, mold, dust mites, animals, or ammal
dander. In some embodumenis, the allergy of the allergic reaction i3 g food allergy. I some
embodimends, the food allergy 15 a nut allergy, peamut allergy, shelifish aliergy. fish allerey,
ik adlerey, epp allergy, wheat allerey, or sovhean allergy.

The IBD way be selected from the group consisting of uleerative coliis, Crohn's
Insease, collagenous cohis, bvrophooyiic colitis, wschemic colins, diversion colitis, Beheet's
syndrome, miective colifis, indeterminate coliis, and other disorders characterized by
mttammation of the mucosal laver of the large inlestine or colon.

The arthritis may be selecied from the group consisting of ostesarthnitis, rheuruatoid
arthritis and psonate arthrins,

in some embodiments, the GLP-1R agonist is selected from the group consisting of a
polyvpeptide, an antibody, g nucleic acid, an aptarwer, or a small molecule Tn some
smbodimenis, the GLP-1R agomst is selected from the group consisting of hragiutide,
exsnande, hxisenatide, albigiutide, dulaghuntide, semaghutide, and taspoglutide. In some
embodiments, the GLP-1R agonist iz firaglotide.

in some embodiments, the subiect 5 a o,

In some embodiments, the administration of the GLP-1R agonist decreases 1L33
expression (MRNA and/or protein expression).

In some embodiments, administration of the GLP-1R agonist reduces group 2 innate
lymphoid cell (ILC2) cytokine production. In some embodiments, administration of the GLP-
IR agonist reduces IL-5 and/or IL-13 production from lung ILC2. In some embodiments,
administration of the GLP-1R agonist reduces the number of lung epithelial cells expressing
IL-33 and/or the level of IL-33 expression by individual cells. In some embodiments,
administration of the GLP-1R agonist reduces lung DUOX1 mRNA expression. In some
embodiments, administration of the GLP-1R agonist suppresses the number of total, IL-5%, and
IL-13*lung ILC2. In some embodiments, administration of the GLP-1R agonist decreases IL-
5, IL-13, CCL17, CCL 22 and/or CCL24 expression. In some embodiments, administration of
the GLP-1R agonist decreases protein level of IL-13. In some embodiments, administration of
the GLP-1R agonist suppresses/decreases 1L-33 release and inhibits ILC2-dependent innate
type 2 airway inflammation.

In some aspects, disclosed herein is a method of treating or preventing a respiratory
syncytial virus (RSV) infection in a subject in need thereof, comprising administering to the
subject a therapeutically effective amount of a glucagon-like peptide-1 receptor (GLP-1R)

agonist.
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In some embodiments, the GLP-1R agonist is selected from the group consisting of a
polypeptide, an antibody, a nucleic acid, an aptamer, or a small molecule. In some
embodiments, the GLP-1R agonist is selected from the group consisting of liraglutide,
exenatide, lixisenatide, albiglutide, dulaglutide, semaglutide, and taspoglutide. In some
embodiments, the GLP-1R agonist is liraglutide.

In some embodiments, the subject is a human. In some embodiments, the subject at risk
for a respiratory syncytial virus (RSV) infection.

In some embodiments, administration of the GLP-1R agonist deceases the total number
of group 2 innate lymphoid cells (ILC2). In some embodiments, administration of the GLP-1R
agonist decreases the percentage of ILC that were IL-13" compared to RSV-infected vehicle-
treated mice. In some embodiments, administration of the GLP-1R agonist decreases the
numbers of total bronchoalveolar lavage (BAL) cells and lymphocytes compared to RSV-
infected vehicle-treated mice. In some embodiments, administration of the GLP-1R agonist
inhibits the expression of 1L-33 by epithelial cells during RSV infection.

LP-1R Agonists

In some emboduments, the GLP-1R agonist 1 selected from the group consisting of a
polvpeptide, an antibody, a ruclere acd, an aptamer. or g small molecule. In sonwe
smbodimenis, the GLP-1R agomist s selected from the group consisting of hiraghdids,
exenatide, Twisenafide, alhighdide, dulagivtide, semaghulide, and taspoglofide. In some
embodiments, the GLP-1R agomst s hragiutide,

in some enmbodiments, the GLP-1R aoonist can be a polvpeptide. For example,
polvpeptides inclade GLP-1 {7-36) GLP-1 (7-37) or GLP-1 {(1-37), or vananis thereof See,
for exarople, US8758751, which 1s incorporated by reference in its entirety. GLP-1 18 rapidly
metabolizad by a peptidase (dipeptidvipeptidase IV or BPP-IV). One way to counder the rapad
degradation is to couple 1t 1o a fatty acid. Liraghutide is such a preparation. Liraghutide binds to
serum atburmn and s 2 poor subsirate for the peptidase. In some embodiments, single injections
of liraglunide give therapeutically active blood levels for 8 0 15 hours,

In addition, WO2007113205 and WO2006097538 also disclose g series of GLP-1
anadogues or dentvatives thersof produced by chemical modification or amuno acid substitition,
fn which the most representative one 13 Uraghutide. Livaghutide 15 g denvative of GLP-1, whose
structure contains a GLP-1 analogue of which the sequence 18 279% homologous with human
GLP-1, and this GLP-1 analogue 15 hinked with palmitic acid covalently to form hraghside
The palmitic acid in the structure will formn g certain steric hindrance 1o prevent the degradation
by DPP-IYV and 1o reduce renal clearance. Because of the characierisiics desenibed above, the
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hal{hife of Liragiotide i the hiwman body administered by subcutaneous injection 18 aboul 10~
14 hows. In some embodiments, U can be admirstered onee on day and the daily dose is 0.6-
1.8 mg

Exenatide 13 a svathetic Exendin-4, with the trade name Byvetta®. Exenatide has been
approved for the treatiment of Type 2 diabeles melhius (V2PN by the FDA Tt has 50%
homalogy with mammalian GLP-1 10 sequence and bas a similar affiraty site of the recepior
with GLP-1. (8ee Drucker U 1, Nauck M A The incretin systent glucagon-like peptide-1
receptor agonists and dipeptidyl peptidase-4 inhibitors in tvpe 2 diabetes. Lancel 2006,
3GR(G84E11696-1708), Fxendin-4 has a looger halfhife than GLP-1 and has recently been
shown 1o have a hypoghveerme effect 1o huroans when given twice a day for one roonth
Exenatide 1s a 3%-aming acid peptide which closely resembles exendin-4. 1t 15 DPP-4 resistant
and has many of the actions of GLP-L.

in some emhaodiments, the GLP-1R agonist can be g GLP-1 analogue. See, for example,

US 8614182, which 13 incorporated by reference in iis endirety.

Compositions

Compositions, as described herein, comprising an active compound and an excipient of
some sort may be useful in a variety of applications.

“Excipients” include any and all solvents, diluents or other liquid vehicles, dispersion
or suspension aids, surface active agents, isotonic agents, thickening or emulsifying agents,
preservatives, solid binders, lubricants and the like, as suited to the particular dosage form
desired. General considerations in formulation and/or manufacture can be found, for example,
in Remington's Pharmaceutical Sciences, Sixteenth Edition, E. W. Martin (Mack Publishing
Co., Easton, Pa., 1980), and Remington: The Science and Practice of Pharmacy, 21st Edition
(Lippincott Williams & Wilkins, 2005).

Exemplary excipients include, but are not limited to, any non-toxic, inert solid, semi-
solid or liquid filler, diluent, encapsulating material or formulation auxiliary of any type. Some
examples of materials which can serve as excipients include, but are not limited to, sugars such
as lactose, glucose, and sucrose; starches such as com starch and potato starch; cellulose and
its derivatives such as sodium carboxymethyl cellulose, ethyl cellulose, and cellulose acetate;
powdered tragacanth; malt; gelatin; talc; excipients such as cocoa butter and suppository
waxes; oils such as peanut oil, cottonseed oil; safflower oil; sesame oil; olive oil; corn oil and
soybean oil; glycols such as propylene glycol; esters such as ethyl oleate and ethyl laurate;

agar; detergents such as Tween 80; buffering agents such as magnesium hydroxide and
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aluminum hydroxide; alginic acid; pyrogen-free water; isotonic saline; Ringer's solution; ethyl
alcohol; and phosphate buffer solutions, as well as other non-toxic compatible lubricants such
as sodium lauryl sulfate and magnesium stearate, as well as coloring agents, releasing agents,
coating agents, sweetening, flavoring and perfuming agents, preservatives and antioxidants can
also be present in the composition, according to the judgment of the formulator. As would be
appreciated by one of skill in this art, the excipients may be chosen based on what the
composition is useful for. For example, with a pharmaceutical composition or cosmetic
composition, the choice of the excipient will depend on the route of administration, the agent
being delivered, time course of delivery of the agent, etc., and can be administered to humans
and/or to animals, orally, rectally, parenterally, intracisternally, intravaginally, intranasally,
intraperitoneally, topically (as by powders, creams, ointments, or drops), buccally, or as an oral
or nasal spray.

Exemplary diluents include calcium carbonate, sodium carbonate, calcium phosphate,
dicalcium phosphate, calcium sulfate, calcium hydrogen phosphate, sodium phosphate lactose,
sucrose, cellulose, microcrystalline cellulose, kaolin, mannitol, sorbitol, inositol, sodium
chloride, dry starch, comstarch, powdered sugar, etc., and combinations thereof.

Exemplary granulating and/or dispersing agents include potato starch, corn starch,
tapioca starch, sodium starch glycolate, clays, alginic acid, guar gum, citrus pulp, agar,
bentonite, cellulose and wood products, natural sponge, cation-exchange resins, calcium
carbonate, silicates, sodium carbonate, cross-linked poly(vinyl-pyrrolidone) (crospovidone),
sodium carboxymethyl starch (sodium starch glycolate), carboxymethyl cellulose, cross-linked
sodium carboxymethyl cellulose (croscarmellose), methylcellulose, pregelatinized starch
(starch 1500), microcrystalline starch, water insoluble starch, calcium carboxymethyl
cellulose, magnesium aluminum silicate (Veegum), sodium lauryl sulfate, quaternary
ammonium compounds, etc., and combinations thereof.

Exemplary surface active agents and/or emulsifiers include natural emulsifiers (e.g.
acacia, agar, alginic acid, sodium alginate, tragacanth, chondrux, cholesterol, xanthan, pectin,
gelatin, egg yolk, casein, wool fat, cholesterol, wax, and lecithin), colloidal clays (e.g. bentonite
[aluminum silicate] and Veegum [magnesium aluminum silicate]), long chain amino acid
derivatives, high molecular weight alcohols (e.g. stearyl alcohol, cetyl alcohol, oleyl alcohol,
triacetin monostearate, ethylene glycol distearate, glyceryl monostearate, and propylene glycol
monostearate, polyvinyl alcohol), carbomers (e.g. carboxy polymethylene, polyacrylic acid,
acrylic acid polymer, and carboxyvinyl polymer), carrageenan, cellulosic derivatives (e.g.

carboxymethylcellulose sodium, powdered cellulose, hydroxymethyl cellulose, hy droxypropyl
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cellulose, hydroxypropyl methylcellulose, methylcellulose), sorbitan fatty acid esters (e.g.
polyoxyethylene sorbitan monolaurate [Tween 20], polyoxyethylene sorbitan [Tween 60],
polyoxyethylene sorbitan monooleate [Tween 80], sorbitan monopalmitate [Span 40], sorbitan
monostearate [Span 60], sorbitan tristearate [Span 65], glyceryl monooleate, sorbitan
monooleate [Span 80]), polyoxyethylene esters (e.g. polyoxyethylene monostearate [My1j 45],
polyoxyethylene hydrogenated castor oil, polyethoxylated castor oil, polyoxymethylene
stearate, and Solutol), sucrose fatty acid esters, polyethylene glycol fatty acid esters (e.g.
Cremophor), polyoxyethylene ethers, (e.g. polyoxyethylene lauryl ether [Brij 30]), poly(vinyl-
pyrrolidone), diethylene glycol monolaurate, triethanolamine oleate, sodium oleate, potassium
oleate, ethyl oleate, oleic acid, ethyl laurate, sodium lauryl sulfate, Pluronic F 68, Poloxamer
188, cetrimonium bromide, cetylpyridinium chloride, benzalkonium chloride, docusate
sodium, etc. and/or combinations thereof.

Exemplary binding agents include starch (e.g. cornstarch and starch paste), gelatin,
sugars (e.g. sucrose, glucose, dextrose, dextrin, molasses, lactose, lactitol, mannitol, etc.),
natural and synthetic gums (e.g. acacia, sodium alginate, extract of Irish moss, panwar gum,
ghatti gum, mucilage of isapol husks, carboxymethylcellulose, methylcellulose, ethylcellulose,
hydroxyethylcellulose,  hydroxypropyl cellulose, hydroxypropyl  methylcellulose,
microcrystalline cellulose, cellulose acetate, poly(vinyl-pyrrolidone), magnesium aluminum
silicate (Veegum), and larch arabogalactan), alginates, polyethylene oxide, polyethylene
glycol, inorganic calcium salts, silicic acid, polymethacrylates, waxes, water, alcohol, etc.,
and/or combinations thereof.

Exemplary preservatives include antioxidants, chelating agents, antimicrobial
preservatives, antifungal preservatives, alcohol preservatives, acidic preservatives, and other
preservatives.

Exemplary antioxidants include alpha tocopherol, ascorbic acid, acorbyl palmitate,
butylated hydroxyanisole, butylated hydroxytoluene, monothioglycerol, potassium
metabisulfite, propionic acid, propyl gallate, sodium ascorbate, sodium bisulfite, sodium
metabisulfite, and sodium sulfite.

Exemplary chelating agents include ethylenediaminetetraacetic acid (EDTA) and salts
and hydrates thereof (e.g., sodium edetate, disodium edetate, trisodium edetate, calcium
disodium edetate, dipotassium edetate, and the like), citric acid and salts and hydrates thereof
(e.g., citric acid monohydrate), fumaric acid and salts and hydrates thereof, malic acid and salts
and hydrates thereof, phosphoric acid and salts and hydrates thereof, and tartaric acid and salts

and hydrates thereof. Exemplary antimicrobial preservatives include benzalkonium chloride,
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benzethonium chloride, benzyl alcohol, bronopol, cetrimide, cetylpyridinium chloride,
chlorhexidine, chlorobutanol, chlorocresol, chloroxylenol, cresol, ethyl alcohol, glycerin,
hexetidine, imidurea, phenol, phenoxyethanol, phenylethyl alcohol, phenylmercuric nitrate,
propylene glycol, and thimerosal.

Exemplary antifungal preservatives include butyl paraben, methyl paraben, ethyl
paraben, propyl paraben, benzoic acid, hydroxybenzoic acid, potassium benzoate, potassium
sorbate, sodium benzoate, sodium propionate, and sorbic acid.

Exemplary alcohol preservatives include ethanol, polyethylene glycol, phenol, phenolic
compounds, bisphenol, chlorobutanol, hydroxybenzoate, and phenylethyl alcohol.

Exemplary acidic preservatives include vitamin A, vitamin C, vitamin E, beta-carotene,
citric acid, acetic acid, dehydroacetic acid, ascorbic acid, sorbic acid, and phytic acid.

Other preservatives include tocopherol, tocopherol acetate, deteroxime mesylate,
cetrimide, butylated hydroxyanisol (BHA), butylated hydroxytoluened (BHT),
ethylenediamine, sodium lauryl sulfate (SLS), sodium lauryl ether sulfate (SLES), sodium
bisulfite, sodium metabisulfite, potassium sulfite, potassium metabisulfite, Glydant Plus,
Phenonip, methylparaben, Germall 115, Germaben II, Neolone, Kathon, and Euxyl. In certain
embodiments, the preservative is an anti-oxidant. In other embodiments, the preservative is a
chelating agent.

Exemplary buffering agents include citrate buffer solutions, acetate buffer solutions,
phosphate buffer solutions, ammonium chloride, calcium carbonate, calcium chloride, calcium
citrate, calcium glubionate, calcium gluceptate, calcium gluconate, D-gluconic acid, calcium
glycerophosphate, calcium lactate, propanoic acid, calcium levulinate, pentanoic acid, dibasic
calcium phosphate, phosphoric acid, tribasic calcium phosphate, calcium hydroxide phosphate,
potassium acetate, potassium chloride, potassium gluconate, potassium mixtures, dibasic
potassium phosphate, monobasic potassium phosphate, potassium phosphate mixtures, sodium
acetate, sodium bicarbonate, sodium chloride, sodium citrate, sodium lactate, dibasic sodium
phosphate, monobasic sodium phosphate, sodium phosphate mixtures, tromethamine,
magnesium hydroxide, aluminum hydroxide, alginic acid, pyrogen-free water, isotonic saline,
Ringer's solution, ethyl alcohol, etc., and combinations thereof.

Exemplary lubricating agents include magnesium stearate, calcium stearate, stearic
acid, silica, talc, malt, glyceryl behanate, hydrogenated vegetable oils, polyethylene glycol,
sodium benzoate, sodium acetate, sodium chloride, leucine, magnesium lauryl sulfate, sodium

lauryl sulfate, etc., and combinations thereof.
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Exemplary natural oils include almond, apricot kemel, avocado, babassu, bergamot,
black current seed, borage, cade, camomile, canola, caraway, carnauba, castor, cinnamon,
cocoa butter, coconut, cod liver, coffee, corn, cotton seed, emu, eucalyptus, evening primrose,
fish, flaxseed, geraniol, gourd, grape seed, hazel nut, hyssop, isopropyl myristate, jojoba, kukui
nut, lavandin, lavender, lemon, litsea cubeba, macademia nut, mallow, mango seed,
meadowfoam seed, mink, nutmeg, olive, orange, orange roughy, palm, palm kernel, peach
kernel, peanut, poppy seed, pumpkin seed, rapeseed, rice bran, rosemary, safflower,
sandalwood, sasquana, savoury, sea buckthorn, sesame, shea butter, silicone, soybean,
sunflower, tea tree, thistle, tsubaki, vetiver, walnut, and wheat germ oils. Exemplary synthetic
oils include, but are not limited to, butyl stearate, caprylic triglyceride, capric triglyceride,
cyclomethicone, diethyl sebacate, dimethicone 360, isopropyl myristate, mineral oil,
octyldodecanol, oleyl alcohol, silicone oil, and combinations thereof,

Additionally, the composition may further comprise a polymer. Exemplary polymers
contemplated herein include, but are not limited to, cellulosic polymers and copolymers, for
example, cellulose ethers such as methylcellulose (MC), hydroxyethylcellulose (HEC),
hydroxypropyl cellulose  (HPC), hydroxypropyl methyl cellulose (HPMC),
methylhydroxyethylcellulose (MHEC), methylhydroxypropylcellulose (MHPCQ),
carboxymethyl cellulose (CMC) and its various salts, including, e.g., the sodium salt,
hydroxyethylcarboxymethylcellulose (HECMC) and its various salts,
carboxymethylhydroxyethylcellulose (CMHEC) and its various salts, other polysaccharides
and polysaccharide derivatives such as starch, dextran, dextran derivatives, chitosan, and
alginic acid and its various salts, carageenan, varoius gums, including xanthan gum, guar gum,
gum arabic, gum karaya, gum ghatti, konjac and gum tragacanth, glycosaminoglycans and
proteoglycans such as hyaluronic acid and its salts, proteins such as gelatin, collagen, albumin,
and fibrin, other polymers, for example, polyhydroxyacids such as polylactide, polyglycolide,
polyl(lactide-co-glycolide) and poly(.epsilon.-caprolactone-co-glycolide)-, carboxyvinyl
polymers and their salts (e.g., carbomer), polyvinylpyrrolidone (PVP), polyacrylic acid and its
salts, polyacrylamide, polyacilic acid/acrylamide copolymer, polyalkylene oxides such as
polyethylene oxide, polypropylene oxide, poly(ethylene oxide-propylene oxide), and a
Pluronic polymer, polyoxyethylene (polyethylene glycol), polyanhydrides, polyvinylalchol,
polyethyleneamine and polypyrridine, polyethylene glycol (PEG) polymers, such as
PEGylated lipids (e.g., PEG-stearate, 1,2-Distearoyl-sn-glycero-3-Phosphoethanolamine-N-
[Methoxy(Polyethylene glycol)-1000], 1,2-Distearoyl-sn-glycero-3-Phosphoethanolamine-N-
[Methoxy(Polyethylene glycol)-2000], and 1,2-Distearoyl-sn-glycero-3-
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Phosphoethanolamine-N-|Methoxy(Polyethylene glycol)-5000]), copolymers and salts
thereof.

Additionally, the composition may further comprise an emulsifying agent. Exemplary
emulsifying agents include, but are not limited to, a polyethylene glycol (PEG), a
polypropylene glycol, a polyvinyl alcohol, a poly-N-vinyl pyrrolidone and copolymers thereof,
poloxamer nonionic surfactants, neutral water-soluble polysaccharides (e.g., dextran, Ficoll,
celluloses), non-cationic poly(meth)acrylates, non-cationic polyacrylates, such as
poly(meth)acrylic acid, and esters amide and hydroxyalkyl amides thereof, natural emulsifiers
(e.g. acacia, agar, alginic acid, sodium alginate, tragacanth, chondrux, cholesterol, xanthan,
pectin, gelatin, egg yolk, casein, wool fat, cholesterol, wax, and lecithin), colloidal clays (e.g.
bentonite [aluminum silicate] and Veegum [magnesium aluminum silicate]), long chain amino
acid derivatives, high molecular weight alcohols (e.g. stearyl alcohol, cetyl alcohol, oleyl
alcohol, triacetin monostearate, ethylene glycol distearate, glyceryl monostearate, and
propylene glycol monostearate, polyvinyl alcohol), carbomers (e.g. carboxy polymethylene,
polyacrylic acid, acrylic acid polymer, and carboxyvinyl polymer), carrageenan, cellulosic
derivatives (e.g. carboxymethylcellulose sodium, powdered cellulose, hydroxymethyl
cellulose, hydroxypropyl cellulose, hydroxypropyl methylcellulose, methylcellulose), sorbitan
fatty acid esters (e.g. polyoxyethylene sorbitan monolaurate [Tween 20], polyoxyethylene
sorbitan [Tween 60], polyoxyethylene sorbitan monooleate [Tween 80|, sorbitan
monopalmitate [Span 40], sorbitan monostearate [Span 60], sorbitan tristearate [Span 65],
glyceryl monooleate, sorbitan monooleate [Span 80]), polyoxyethylene esters (e.g.
polyoxyethylene monostearate [Myrj 45], polyoxyethylene hydrogenated castor oil,
polyethoxylated castor oil, polyoxymethylene stearate, and Solutol), sucrose fatty acid esters,
polyethylene glycol fatty acid esters (e.g. Cremophor), polyoxyethylene ethers, (e.g.
polyoxyethylene lauryl ether |[Brij 30]), poly(vinyl-pyrrolidone), diethylene glycol
monolaurate, triethanolamine oleate, sodium oleate, potassium oleate, ethyl oleate, oleic acid,
ethyl laurate, sodium lauryl sulfate, Pluronic F 68, Poloxamer 188, cetrimonium bromide,
cetylpyridinium chloride, benzalkonium chloride, docusate sodium, etc. and/or combinations
thereof. In certain embodiments, the emulsifying agent is cholesterol.

Liquid compositions include emulsions, microemulsions, solutions, suspensions,
syrups, and elixirs. In addition to the active compound, the liquid composition may contain
inert diluents commonly used in the art such as, for example, water or other solvents,
solubilizing agents and emulsifiers such as ethyl alcohol, isopropyl alcohol, ethyl carbonate,

ethyl acetate, benzyl alcohol, benzyl benzoate, propylene glycol, 1,3-butylene glycol,
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dimethylformamide, oils (in particular, cottonseed, groundnut, corn, germ, olive, castor, and
sesame oils), glycerol, tetrahydrofurfuryl alcohol, polyethylene glycols and fatty acid esters of
sorbitan, and mixtures thereof. Besides inert diluents, the oral compositions can also include
adjuvants such as wetting agents, emulsifying and suspending agents, sweetening, flavoring,
and perfuming agents.

Injectable compositions, for example, injectable aqueous or oleaginous suspensions
may be formulated according to the known art using suitable dispersing or wetting agents and
suspending agents. The sterile injectable preparation may also be a injectable solution,
suspension, or emulsion in a nontoxic parenterally acceptable diluent or solvent, for example,
as a solution in 1,3-butanediol. Among the acceptable vehicles and solvents for pharmaceutical
or cosmetic compositions that may be employed are water, Ringer's solution, U.S.P. and
isotonic sodium chloride solution. In addition, sterile, fixed oils are conventionally employed
as a solvent or suspending medium. Any bland fixed oil can be employed including synthetic
mono- or diglycerides. In addition, fatty acids such as oleic acid are used in the preparation of
injectables. In certain embodiments, the particles are suspended in a carrier fluid comprising
1% (w/v) sodium carboxymethyl cellulose and 0.1% (v/v) Tween 80. The injectable
composition can be sterilized, for example, by filtration through a bacteria-retaining filter, or
by incorporating sterilizing agents in the form of sterile solid compositions which can be
dissolved or dispersed in sterile water or other sterile injectable medium prior to use.

Compositions for rectal or vaginal administration may be in the form of suppositories
which can be prepared by mixing the particles with suitable non-irritating excipients or carriers
such as cocoa butter, polyethylene glycol, or a suppository wax which are solid at ambient
temperature but liquid at body temperature and therefore melt in the rectum or vaginal cavity
and release the particles.

Solid compositions include capsules, tablets, pills, powders, and granules. In such solid
compositions, the particles are mixed with at least one excipient and/or a) fillers or extenders
such as starches, lactose, sucrose, glucose, mannitol, and silicic acid, b) binders such as, for
example, carboxymethylcellulose, alginates, gelatin, polyvinylpyrrolidinone, sucrose, and
acacia, ¢) humectants such as glycerol, d) disintegrating agents such as agar-agar, calcium
carbonate, potato or tapioca starch, alginic acid, certain silicates, and sodium carbonate, e)
solution retarding agents such as paraffin, f) absorption accelerators such as quaternary
ammonium compounds, g) wetting agents such as, for example, cetyl alcohol and glycerol
monostearate, h) absorbents such as kaolin and bentonite clay, and 1) lubricants such as talc,

calcium stearate, magnesium stearate, solid polyethylene glycols, sodium lauryl sulfate, and
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mixtures thereof. In the case of capsules, tablets, and pills, the dosage form may also comprise
buffering agents. Solid compositions of a similar type may also be employed as fillers in soft
and hard-filled gelatin capsules using such excipients as lactose or milk sugar as well as high
molecular weight polyethylene glycols and the like.

Tablets, capsules, pills, and granules can be prepared with coatings and shells such as
enteric coatings and other coatings well known in the pharmaceutical formulating art. They
may optionally contain opacifying agents and can also be of a composition that they release
the active ingredient(s) only, or preferentially, in a certain part of the intestinal tract, optionally,
in a delayed manner. Examples of embedding compositions which can be used include
polymeric substances and waxes.

Solid compositions of a similar type may also be employed as fillers in soft and hard-
filled gelatin capsules using such excipients as lactose or milk sugar as well as high molecular
weight polyethylene glycols and the like.

Compositions for topical or transdermal administration include ointments, pastes,
creams, lotions, gels, powders, solutions, sprays, inhalants, or patches. The active compound
is admixed with an excipient and any needed preservatives or buffers as may be required.

The ointments, pastes, creams, and gels may contain, in addition to the active
compound, excipients such as animal and vegetable fats, oils, waxes, paraffins, starch,
tragacanth, cellulose derivatives, polyethylene glycols, silicones, bentonites, silicic acid, talc,
and zinc oxide, or mixtures thereof.

Powders and sprays can contain, in addition to the active compound, excipients such as
lactose, talc, silicic acid, aluminum hydroxide, calcium silicates, and polyamide powder, or
mixtures of these substances. Sprays can additionally contain customary propellants such as
chlorofluorohydrocarbons.

Transdermal patches have the added advantage of providing controlled delivery of a
compound to the body. Such dosage forms can be made by dissolving or dispensing the
nanoparticles in a proper medium. Absorption enhancers can also be used to increase the flux
of the compound across the skin. The rate can be controlled by either providing a rate
controlling membrane or by dispersing the particles in a polymer matrix or gel.

The active ingredient may be administered in such amounts, time, and route deemed
necessary in order to achieve the desired result. The exact amount of the active ingredient will
vary from subject to subject, depending on the species, age, and general condition of the
subject, the severity of the infection, the particular active ingredient, its mode of administration,

its mode of activity, and the like. The active ingredient, whether the active compound itself, or
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the active compound in combination with an agent, is preferably formulated in dosage unit
form for ease of administration and uniformity of dosage. It will be understood, however, that
the total daily usage of the active ingredient will be decided by the attending physician within
the scope of sound medical judgment. The specific therapeutically effective dose level for any
particular subject will depend upon a variety of factors including the disorder being treated and
the severity of the disorder; the activity of the active ingredient employed; the specific
composition employed; the age, body weight, general health, sex and diet of the patient; the
time of administration, route of administration, and rate of excretion of the specific active
ingredient employed; the duration of the treatment; drugs used in combination or coincidental
with the specific active ingredient employed; and like factors well known in the medical arts.

The active ingredient may be administered by any route. In some embodiments, the
active ingredient is administered via a variety of routes, including oral, intravenous,
intramuscular, intra-arterial, intramedullary, intrathecal, subcutaneous, intraventricular,
transdermal, intradermal, rectal, intravaginal, intraperitoneal, topical (as by powders,
ointments, creams, and/or drops), mucosal, nasal, buccal, enteral, sublingual; by intratracheal
instillation, bronchial instillation, and/or inhalation; and/or as an oral spray, nasal spray, and/or
aerosol. In general, the most appropriate route of administration will depend upon a variety of
factors including the nature of the active ingredient (e.g., its stability in the environment of the
gastrointestinal tract), the condition of the subject (e.g., whether the subject is able to tolerate
oral administration), etc.

The exact amount of an active ingredient required to achieve a therapeutically or
prophylactically effective amount will vary from subject to subject, depending on species, age,
and general condition of a subject, severity of the side effects or disorder, identity of the
particular compound(s), mode of administration, and the like. The amount to be administered
to, for example, a child or an adolescent can be determined by a medical practitioner or person

skilled in the art and can be lower or the same as that administered to an adult.

EXAMPLES

The following examples are set forth below to illustrate the compositions, methods, and
results according to the disclosed subject matter. These examples are not intended to be
inclusive of all aspects of the subject matter disclosed herein, but rather to illustrate
representative methods and results. These examples are not intended to exclude equivalents

and variations of the present invention which are apparent to one skilled in the art.
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Example 1. Glucagon-like peptide 1 signaling inhibits allergen-induced lung IL-33 release

and reduces group 2 innate lymphoid cell (ILC2) cytokine production in vivo

Background

IL-33 is one of the most consistently associated gene candidates for asthma identified
by genome wide association studies (GWAS) in diverse ethnic groups.!* IL-33 is
predominantly produced by epithelial cells in response to protease containing aeroallergens
and its release is mediated by dual oxidase 1 (DUOX1).’ IL-33 activates group 2 innate
lymphoid cells (ILC2) to produce the type 2 cytokines IL-5 and IL-13 that initiate innate
7

immunity-driven allergic responses.®

differentiate into effector T helper 2 (Th2) cells, which produce IL-4, IL-5, and IL-13 that are

In addition, IL-33 polarizes naive CD4 T cells to

responsible for adaptive immunity-mediated allergen-induced responses.® Therefore, IL-33 is
a central mediator of both innate and adaptive immunity regulated allergic inflammation in the
lung that have a role in the pathogenesis of conditions such as asthma, and IL-33 has been
deemed to be an important therapeutic target in inhibiting allergic diseases.® However, there
have been no reports identifying pharmacologic agents which inhibit lung IL-33 protein release
or expression.

Glucagon-like peptide-1 (GLP-1) is a peptide hormone synthesized and released by
enteroendocrine L-cells in the ileum and large intestine following oral food intake.'® GLP-1
has a role in glycemic control by inducing glucose-dependent insulin secretion from [B-cells
and inhibiting glucagon release from a-cells in the pancreas.!’ !> GLP-1 also induces weight
loss by promoting satiety.!* GLP-1 receptor (GLP-IR) agonists, such as liraglutide and
exenatide are approved by the Food and Drug Administration (FDA) for treatment of type 2
diabetes (T2D).!* 15 Several studies report that GLP-1R agonists had anti-inflammatory effects
in multiple disorders including T2D. For instance, GLP-1R agonist administration decreased
TNFa and IL-6 production by peripheral blood mononuclear cells (PBMC) of obese patients
with T2D!® and diabetic mouse adipose tissue.!” In addition, the GLP-1R agonist, exendin-4,
reduced serum inflammatory cytokines during LPS-induced endotoxemia,'® liver
inflammation, and aortic atherosclerosis in a rodent model.'” These data indicate that GLP-1R
agonists down-regulate innate inflammatory responses to endotoxins or endogenous
inflammatory mediators. Further, it has been reported that liraglutide attenuated bleomycin-
induced pulmonary fibrosis*® and OV A-induced chronic airway inflammation.?! However, no

studies have reported the effect of GLP-1R agonists on lung IL-33 expression or release, or the
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effect of GLP-1R agonists on the innate allergic inflammatory response that is mediated by
ILC2.

In this example, it was found that the GLP-1R agonist, liraglutide, inhibited IL-33
expression and release from the lungs of mice in response to an airway challenge the allergen
extract of the aeroallergen Alfernaria alternata, an aeroallergen which has protease activity
and which is associated with severe asthma exacerbations.?”> 2 Further, GLP-1R agonist
treatment inhibited lung DUOXI1 expression, providing a potential mechanism by which GLP-
IR signaling inhibits lung IL-33 release in response to aeroallergen challenge. In addition,
GLP-1R agonist treatment inhibited A/ternaria extract-induced IL-5 and IL-13 production
from lung ILC2, blunted airway mucus and responsiveness, and reduced lung eosinophilia.
This report is the first to identify an FDA approved pharmacologic agent that inhibits lung IL-

33 release, providing an alternative to biologic therapies that target IL-33-mediated diseases.

Abbreviations used in this example
ILC2: group 2 innate lymphoid cells,
GLP-1: glucagon-like peptide-1,
GLP-1R: glucagon-like peptide-1receptor,
Th2: T helper 2,

FDA: Food and Drug Administration,
T2D: type 2 diabetes,

WT: wild type,

BAL: bronchoalveolar lavage,

DUOXI1: dual oxidase 1,

MFI. mean fluorescence intensity,

AR: airway responsiveness,

cAMP: cyclic adenosine monophosphate,
PKA: protein kinase A,

HBE: human bronchial epithelial cells,

Methods

Mice

Nine- to twelve-week old female wild type (WT) BALB/c mice were obtained from Jackson
Laboratories (Bar Harbor, ME). IL-33%1"* reporter mice were generated by crossbreeding

WT BALB/c mice and IL-33Ctine/Cittine mice that are the kind gift of Dr. Andrew N.J.
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McKenzie.>* Transgenic mice expressing mApple protein under the control of the GLP-1R
promoter were generated as previously described.?> Animal experiments were approved by the
Institutional Animal Care and Use Committee at Vanderbilt University, and were conducted
according to the guidelines for the Care and Use of Laboratory Animals prepared by the
Institute of Laboratory Animal Resources, National Research Council.

GLP-1R agonist treatment and Alfernaria extract-challenge in mouse model

GLP-1R agonist, liraglutide (Novo Nordisk Inc., Bagsvaerd, Denmark) or 50 ul 0.1 %
BSA/PBS as vehicle was administered subcutaneously 4 h before and 4 h after Alternaria
extract (GREER, Lenoir, NC), or vehicle-challenge (Fig 2, A and Fig 3, A) from day -2 to day
3. From day O to day 3, either 5 pug (protein amount) of A/ternaria extractin 100 ul PBS or 100
ul of PBS as vehicle was used as an intranasal challenge to mice anesthetized with
ketamine/xylazine. The mice were sacrificed and bronchoalveolar lavage (BAL) fluid and
whole lungs were harvested 1 h after the first challenge of Alternaria extract or the vehicle, or
24h or 48 h after the last challenge of Alternaria extract or the vehicle.

Flow cytometry

The harvested lungs were minced and digested with collagenase IV (1 mg/ml, SIGMA-Aldrich,
St. Louis, MO) and DNase I (50 IU/ml, SIGMA-Aldrich) in RPMI1640 with 5% FBS for 45
minutes at 37 °C and a single cell suspension was obtained by grinding and passing the digested
lung through a 70 um cell strainer. The cells were stimulated with PMA (10 ng/ml), ionomycin
(1 uM) and BD GolgiStop™ (BD Biosciences, San Jose, CA) at the manufacturer’s
recommended concentration for 5 hours. Then both cell surface and intracellular cytokine
staining were performed. All samples were measured on a BD LSR II Flow Cytometer and
analyzed using FlowJo Software.

Cytokine Measurements

DuoSet ELISA kits (CCL11, CCL17, CCL22, CCL24, IL-4, IL-9, and 1L-33) from R&D Inc.
(Minneapolis, MN) and Ready-Set-GO!® ELISA kits (IL-5 and IL-13) from Affymetrix
eBioscience (San Diego, CA) were used to measure the concentration of cytokines and
chemokines in BAL fluids and lung homogenates according to manufacturer’s instructions.
Values below the detection limit were assigned a value at half of the lower limit of detection
to allow for statistical analysis.

Statistical analysis

All data were analyzed with GraphPad Prism 5 (GraphPad Software, La Jolla, CA). The p
values were calculated by one-way analysis of variance (ANOV A) with Bonferroni-multiple

pairs comparisons test. Values of p <0.05 were considered significant between two groups.
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Results
GLP-1R expression on lung epithelial cells

GLP-1R expression was examined on lung epithelial cells to determine whether GLP-
1 could directly modulate epithelial cell function. GLP-1R mRNA expression was detected in
normal human lung as well as mouse lung (Fig 1, A and B). Further, GLP-IR protein
expression was also detected on mouse lung epithelial cells and endothelial cells (Fig 1, C and
D) using GLP-1R/mApple reporter mice. These results provide a rationale for investigating the

effect of GLP-1R signaling in response to airway A/fernaria extract-challenge.

GLP-1R agonist treatment suppresses Alternaria extract-induced IL-33 expression in
lung epithelial cells

IL-33 is a key activator of the innate allergic airway response, and in particular IL-33
stimulates ILC2.¢ Therefore, GLP-1R agonist treatment was tested to see if it decreases IL-33
protein expression following airway Alternaria extract-challenge for 4 consecutive days (Fig
2, A). To confirm the localization of IL-33 expression and the effect of GLP-1R agonist on per
cell IL-33 expression level, IL-33%tne* reporter mice were used. Alfernaria extract-challenge
significantly increased mean fluorescence intensity (MFI) of citrine fluorescence as a marker
of IL-33 expression by lung epithelial cells (CD45- EpCAM™), and the percentage and the
number of the citrine* epithelial cells. GLP-1R agonist treatment significantly decreased the
Alternaria extract-induced MFI of citrine in the lung epithelial cells, the percentage and the
number of citrine” epithelial cells compared with the vehicle treatment (Fig 2, B-E). These
results indicate that GLP-1R agonist treatment reduced the number of lung epithelial cells
expressing IL-33 and the level of IL-33 expression by individual cells following A/ternaria

extract-challenge.

GLP-1R agonist treatment suppresses Alternaria extract-induced IL-33 release in the
BAL fluid

Airborne allergens, such as Alternaria have proteolytic activity which induces 1L-33
release in bronchoalveolar lavage (BAL) fluid 1 h after airway administration through PAR2
signaling.® IL-33 protein levels were measured in BAL fluid 1 h after first Alternaria extract-
challenge following GLP-1R agonist or vehicle treatment (Fig 3, A). Alternaria extract-
challenge significantly increased the protein level of IL-33 in BAL fluid compared with PBS-
challenged groups. The Alfernaria extract-induced IL-33 in BAL fluid was significantly
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decreased by GLP-1R agonist treatment compared with the vehicle treatment (Fig 3, B). This
result reveals that GLP-1R agonist treatment suppresses acute 1L-33 release after Alfernaria

extract-challenge.

GLP-1R agonist treatment suppresses DUOX1 mRNA expression in the Alternaria
extract-challenged lung

DUOXI1 is a critical mediator of IL-33 release from lung epithelial cells following
aeroallergen challenge.> mRNA expression level of DUOX1 was measured in the lung 1 h after
Alternaria extract-challenge, the time of peak IL-33 release, following GLP-1R agonist or
vehicle treatment. Lung DUOX1 mRNA expression was significantly decreased by GLP-1R
agonist treatment compared with vehicle treatment (Fig 3, C). This result suggests a possible

mechanism by which GLP-1R agonist suppressed IL-33 release.

GLP-1R agonist treatment suppresses the number of mouse lung ILC2 expressing IL-5
and IL-13 in response to airway Alternaria extract-challenge.

Since IL-33 is an important stimulus for the innate allergic immune response, it was
examined if GLP-1R signaling inhibited ILC2 function. First, GLP-1R expression was
measured on lung ILC2 using GLP-1R/mApple reporter mice to reveal whether GLP-1R
agonist affect the ILC2 directly. ILC2 were identified as lineage (lin)CD3"
CD45*CD25'CD127* cells by cell surface staining. In contrast to epithelial cells and
endothelial cells, GLP-1R/mApple expression was not detected on the lung ILC2 (Fig 4,A).
Next, the number of total, IL-5* and IL-13" lung ILC2 were enumerated following Alfernaria
extract-challenge for 4 consecutive days to determine the effect of IL-33 reduction by GLP-1R
agonist treatment. ILC2 were identified as lineage (lin)CD3°CD45*CD25" and ICOS" instead
of CD127, because CD127 expression level was unclear after PMA/ionomycin stimulation
(data is not shown). Alfernaria extract-challenge significantly increased the number of total,
IL-5 * and IL-13* lung ILC2 compared with PBS-challenged mice (Fig 4, B-C). GLP-IR
agonist treatment significantly suppressed the number of Alternaria extract-induced total, IL-
5%, and IL-13*lung ILC2 (Fig 4, B-C) compared with vehicle treatment.

To compare the contribution of CD4 T cells to IL-5 and IL-13 expression, intracellular
cytokine staining was performed by flow cytometry. The number of IL-5" and IL-13* CD4 T
cell were significantly increased in Alternaria extract-challenged groups compared to PBS-
challenged groups. GLP-1R agonist treatment significantly suppressed the number of
Alternaria extract-induced CD4 T cells expressing IL-13, but not IL-5. In the Alfernaria
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extract-challenged groups, there was a statistically significant 10-fold increase in the number
of IL-5"ILC2 (Fig 4, B) compared to IL-5" CD4 T cells (not shown), and a 2.4-fold increase in
the number of IL-13"ILC2 (Fig 4, C) compared to IL-13* CD4 T cells (not shown). The fold
change between the number of ILC2 and CD4 T cells expressing IL-5 and IL-13 are similar a
previous report.?” Therefore, these results indicate that ILC2, butnot CD4 T cells, are the major
source of IL-5 and IL-13 in response to this 4 consecutive day airway Alfernaria extract-
challenge protocol, and that GLP-1R signaling inhibits this early innate allergic immune

response by the reduction of IL-33 release level in the lung.

GLP-1R agonist treatment suppresses Alfernaria extract-induced cytokine and
chemokine expression in the lung and airway.

Next, the protein level of type 2 cytokines and chemokines in BAL fluid and lung
homogenate were measured. Alternaria extract-challenge significantly increased the protein
expression of IL-4, IL-5, IL-13, CCL11 (eotaxin), CCL17 (TARC), CCL22 (MDC), and
CCL24 (eotaxin-2) in both the BAL fluid and lung homogenates compared with PBS-
challenged groups. IL-9 was significantly increased in the lung homogenate, but not BAL fluid
following Alternaria extract-challenge. A statistically significant decrease was observed in
Alternaria extract-induced protein expression of I1L-5, IL-13, CCL17, CCL 22 and CCL24 in
both the BAL fluids and lung homogenates from GLP-1R agonist-treated mice compared with
vehicle-treated mice (Fig 5). In addition, Alfernaria extract-induced IL-4, 1L-9, and CCL11
protein expression was also decreased in the lung homogenates from GLP-1R agonist-treated

mice compared with vehicle-treated mice.

GLP-1R agonist treatment suppresses eosinophilia, mucus production, and airway
responsiveness in response to airway Alternaria extract-challenge.

Based on the finding that GLP-1R agonist treatment significantly decreased protein
expression of Alternaria extract-induced IL-5, CCL11, and CCL24 that are associated with
eosinophil recruitment, GLP-1R agonist treatment was investigated to see if it decreases
eosinophil accumulation in the lung following A/fernaria extract-challenge. BAL cell counts
and differentials were measured, and assessed perivascular eosinophils by
immunohistopathology. Alternaria extract-challenge significantly increased the number of
total BAL cells, macrophages, eosinophils, lymphocytes and neutrophils compared with PBS-
challenged groups. GLP-1R agonist treatment significantly decreased the number of Alfernaria

extract-induced total BAL cells, macrophages, eosinophils, and lymphocytes compared with
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vehicle treatment (Fig 6, A). Further, GLP-1R agonist treatment resulted in a significant
decrease of Alternaria extract-induced perivascular eosinophils in the lung compared with
vehicle treatment by immunohistopathology (Fig 6, B and C).

IL-13 is a critical inducer of airway mucus production.?® It was found that GLP-1R
agonist treatment decreased protein level of IL-13 in the lung. Therefore, GLP-1R agonist
treatment was tested to see if it suppresses mucus production in the airway following Alternaria
extract-challenge. There was no mucus or mucous producing cells in the lungs of mice
challenged with PBS. Alfernaria extract-challenge significantly increased mucus production
on large airway epithelial cells. GLP-1R agonist treatment significantly decreased the
Alternaria extract-induced mucus production compared with vehicle treatment (Fig 6, D and
E). These results indicate that GLP-1R agonist treatment suppresses acute eosinophilic lung
inflammation and airway mucus production in innate allergic immune responses to Alfernaria
extract-challenge.

It was found that GLP-1R agonist treatment significantly decreased asthma-like airway
inflammation following Alternaria extract-challenge for 4 consecutive days. Next, GLP-1R
agonist treatment was tested to see if it would decrease airway responsiveness (AR) in
Alternaria extract-challenged mice. Alternaria extract-challenge significantly increased AR
compared with PBS challenge. GLP-1R agonist treatment significantly decreased the

Alternaria extract-induced AR compared with vehicle treatment (Fig 6, F).

Discussion

These results show that a GLP-1R agonist inhibited lung epithelial expression and
airway release of IL-33 in response to the clinically relevant, protease-containing, ubiquitous
aeroallergen, Alternaria alternata. This is the first report of an FDA approved pharmacologic
agent inhibiting allergen-induced lung IL-33 expression and release. These findings provide
methods for use of GLP-1R agonists as an alternative to biologic therapies such as monoclonal
antibodies or receptor antagonists that target IL-33-mediated diseases. In addition, DUOX1
mRNA was also decreased by GLP-1R agonist treatment during IL-33 release following
Alternaria extract-challenge. Further, it was found that GLP-1R agonist treatment significantly
decreased the number of lung ILC2 expressing IL-5 and IL-13 following 4 consecutive days
of Alternaria extract-challenge. GLP-1R agonist treatment significantly decreased IL-4, IL-5,
IL-9, IL-13, CCL11, CCL17, CCL22 and CCL24 protein expression in the lung homogenates,
the number of eosinophils in the BAL fluid and perivascular eosinophil accumulation, mucus

production, and AR induced by the Alternaria extract-challenge. These results show that GLP-
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IR signaling not only has an effect on allergen-induced IL-33 release in the airway, but also
has downstream inhibitory effects on the cells that produce Type 2 cytokines that drive allergic
inflammation.

GLP-1R is abundantly expressed in human and mouse lung, heart, brain and kidney as

well as pancreas,?* 3

and many studies indicate the therapeutic effect of GLP-1R signaling for
diseases in multiple tissues. For instance, a GLP-1R agonist, exendin-4, improved
atherosclerosis by reducing macrophage adhesion to endothelial cells as well as by reducing
serum glucose level.®® GLP-1 peptide treatment decreased irradiation- or LPS-induced
proinflammatory cytokine expression in the brain and astrocytes in a mouse model.* 32 In
addition, GLP-1R agonist decreased chronic lung inflammation in a mouse model of OVA
sensitization combined with 66 days of OVA challenge,?® and reduced mortality and airway
resistance in a mouse model of obstructive lung disease induced by OV A and LPS challenge.?

Binding of GLP-1 to its G protein coupled receptor causes adenylate cyclase activation
resulting in the formation of cyclic adenosine monophosphate (CAMP). Subsequent activation
of protein kinase A (PKA) and the cAMP-regulated guanine nucleotide exchange factor I1
(cAMP-GEFII) leads to an elevation of intracellular calcium concentrations, and enhanced
exocytosis of insulin-containing granules in pancreatic B-cells.®* Further, B2 adrenergic
receptor signaling also activate the cAMP/PKA signaling pathway, and then relaxed airway
smooth muscle and reduced airway mucus secretion.’ Prostaglandin 1> (PGI2) receptor
signaling down-regulated DC, T cell, and ILC2 activation mediated by cAMP induction.3¢-3%
In addition, GLP-1R agonist reduced inflammatory responses in mouse peritoneal
macrophages stimulated with LPS through cAMP signaling pathway .*° These results show that
cAMP induction by GLP-1R agonist as well as B2 adrenergic agonist or PGI2 may have
suppressive effects on the activation of immune cells that express GLP-1R.

In this study, GLP-1R agonist treatment down-regulated A/fernaria extract-induced IL-
33 release and expression. IL-33 plays important roles in type-2 innate immunity following
helminth infection or after exposure to protease containing aeroallergens.?® *° Biologically
active full length IL-33 is released into the extracellular space after cell damage such as
necrosis, and then 1L-33 activates many types of immune cells, including CD4 T cells, mast
cells, basophils, macrophages, DCs, and epithelial cells as well as ILC2.4-42 TL-33 is likely to
be a first alarm signal due to its constitutive expression in normal epithelial and endothelial
cells,*” and is ready to be released following infection or mechanical cell damage. GLP-1R
agonist treatment reduced IL-33 release and DUOX1 mRNA expression after the first

Alternaria extract challenge. Hristova and colleagues reported that A/ternaria induced 1L-33
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release in cultured primary human bronchial epithelial cells (HBE) depended critically on
DUOX I-mediated activation.?® Shiraki and colleagues reported that GLP-IR signaling
inhibited NADPH oxidase activation in primary human endothelial cells.** Taken together,
these findings show that GLP-1R signaling decreases DUOXI1 expression in the lung epithelial
cells, thus inhibiting A/ternaria-induced IL-33 secretion.

The reduction in IL-33 protein level to airway Alfernaria extract-challenge mediated
by the GLP-1R agonist is one possible mechanism by which GLP-1R signaling reduced the
number of IL-5 and IL-13 expressing ILC2 and protein levels of CCL11, CCL24, TARC, and
MDC in the airway and lung following 4 consecutive days A/ternaria extract-challenge. These
findings are consistent with previous reports that IL-33 induced IL-5 and IL-13 expression by
ILC2 in dose-dependent fashion,** CCL11 expression by fibroblast,*> and TARC expression
by DCs.*

While it was found that GLP-1R was not expressed on lung ILC2, previous studies
reported that GLP-1R was expressed in mouse peritoneal macrophage, human monocyte cell
line THP-1,* and human invariant natural killer T (iNKT) cell line.*’

In the 4 consecutive days of Alternaria extract-challenge model, the number of IL-5
and IL-13 expressing CD4 T cells was statistically significantly less than the number of IL-5
and IL-13 expressing ILC2, and a previous report showed that total IgE and antigen specific
IgGl in serum were no different between naive mice and mice challenged with Alternaria
extract for 4 consecutive days.*® This supports the concept that the innate immune system, and
not adaptive immunity, initiate and promotes type 2 allergic airway inflammation in this mouse
model of allergen challenge. Taken together, these findings reveal that GLP-1R signaling
suppresses aeroallergen-driven IL-33 release and inhibits ILC2-dependent innate type 2 airway
inflammation. Currently, biological agents are in development to antagonize IL-33 for the
treatment of atopic dermatitis, food allergy, and asthma.” These results show that a currently
FDA approved GLP-1R antagonist inhibits allergen-induced IL-33 release and expression.

In summary, it was found that GLP-1R agonist treatment down-regulated 1L-33 release
and expression, and innate allergic airway inflammation, including lung eosinophilia, mucus
hypersecretion and AR following 4 consecutive days of Alternaria extract-challenge. These
results show that GLP-1R agonists constitute a novel therapeutic approach for allergic asthma

induced by protease-containing aeroallergens.
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Example 2. Glucagon-like peptide-1 receptor signaling attenuates RSV-induced type 2
responses and immunopathology

Glucagon-like peptide-1 receptor (GLP-1R) agonists, which potentiate insulin and
suppress glucagon secretion, are a well-accepted and safe treatment for Type II diabetes.!
Although GLP-1R agonists are currently used for their ability to potentiate insulin and suppress
glucagon secretion, recent evidence suggests that GLP-1R signaling also has anti-inflammatory
effects.>* Severe RSV -associated illness is in part caused by IL-13 production, which mediates
the mucus production that directly contributes to airway obstruction and respiratory failure.’ In
this example, it was investigated whether GLP-1R signaling inhibits IL-13-mediated
immunopathology of RSV 12/12-6, a strain of RSV that was isolated from a hospitalized infant
with severe lower respiratory tract infection and bronchiolitis.

Eight-week old mice were infected with 9 x 10° PFU of RSV. RSV 12/12-6 induced
significant lung IL-13 and airway mucus, mimicking what is seen in patients with severe
infection (Fig 9). GLP-1R agonist or vehicle (0.1% BSA in PBS) were administered twice daily
beginning 2 days prior to RSV infection until all endpoints (Fig 10). GLP-1R agonist treatment
significantly decreased lung IL-13 protein expression compared to vehicle treatment in RSV-
infected mice (Fig 7, A). The cellular sources of IL-13 that GLP-1R signaling was inhibiting
were identified. GLP-1R agonist treatment in RSV-infected mice significantly decreased the
total number of cells in the lung, the total number of group 2 innate lymphoid cells (ILC2), and
the percentage of ILC that were IL-13" compared to RSV-infected vehicle-treated mice (Fig
114, Fig 12A&F & Fig 7, B&E). There was significantly decreased MFI of IL-13 and CD127
on the ILC2 of RSV-infected GLP-1R agonist-treated mice compared to RSV-infected vehicle-
treated mice, indicating decreased IL-13 production and CD127 expression on a per ILC2 basis
with GLP-1R agonist treatment (Fig 12B-£). GLP-1R agonist treatment in RSV-infected mice
significantly decreased the numbers of CD4" T cells and basophils, as well as IL-13* Th2 cells
and basophils compared to RSV-infected vehicle-treated mice (Fig 115-C, Fig 12G-H & Fig
7, C-D).

Moreover, there were significant decreases in methacholine-induced airway
responsiveness and mucus severity scores in RSV-infected GLP-1R agonist-treated mice
compared to RSV-infected vehicle-treated mice (Fig 7, #-H). RSV-infected GLP-1R agonist-
treated mice had significantly decreased numbers of total bronchoalveolar lavage (BAL) cells

and lymphocytes compared to RSV -infected vehicle-treated mice (Fig 7, /). Administration of
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the GLP-1R agonist beginning 2 days after RSV infection also significantly decreased lung IL-
13 and there was a trend towards decreased airway mucus (Fig 13). Collectively, these data
demonstrate that GLP-1R signaling attenuates IL-13-mediated immunopathology during RSV
infection.

IL-33 activates type 2 cytokine-producing immune cells including ILC2, Th2, and
basophils. 7733t reporter mice were used to examine the effect of GLP-1R signaling on
IL-33 expression on a per epithelial cell basis. GLP-1R agonist treatment in RSV-infected mice
significantly decreased the total number of cells in the lung, the total number of IL-33-
expressing epithelial cells, and the percentage of epithelial cells that were IL-33* compared to
RSV-infected vehicle-treated mice (Fig 144-B & Fig 8, A4). There was significantly decreased
MEFTI of IL-33 in the epithelial cells of RSV-infected GLP-1R agonist-treated mice compared
to RSV-infected vehicle-treated mice, indicating decreased IL-33 expression on a per epithelial
cell basis with GLP-1R agonist treatment (Fig 8, B-C). RSV-infected GLP-1R agonist-treated
mice had significantly decreased lung IL-33 protein expression compared to RSV-infected
vehicle-treated mice (Fig 8, D). These data indicate that GLP-1R agonist treatment inhibits the
expression of IL-33 by epithelial cells during RSV infection.

To determine whether GLP-1R agonist treatment had a deleterious effect on viral-
associated disease severity parameters, viral load, an indicator of RSV disease severity, was
evalauted.® There were no significant differences in the viral load between RSV -infected GLP-
1R agonist and vehicle-treated mice (Fig 8, F). Consistent with these data, no significant
differences were observed in lung interferon-y (IFN-y) expression or IFN-y* Thl and natural
killer (NK) cells between RSV-infected GLP-1R agonist and vehicle-treated mice 6 days post-
infection (Fig 12B&D, Fig 8, F' & Fig 154-B). Further, there were no significant differences in
lung IFN-a, IFN-f, or IL-27 protein expression between RSV-infected GLP-1R agonist and
vehicle-treated mice (Fig 15C-E). It was also found that there were no statistically significant
changes in plasma glucose or insulin levels with GLP-1R treatment compared to vehicle (Fig
15F & G)

To determine whether GLP-1R agonist treatment during primary infection has an
impact on the immune response to a later secondary infection, mice were infected with RSV a
second time following primary RSV infection (Fig 16). GLP-1R agonist treatment during
primary infection significantly decreased the number of RSV-induced total BAL cells and
lymphocytes compared to vehicle treatment after secondary infection (Fig 174). The mice
treated with GLP-1R agonist during primary infection did not exhibit altered lung IFN-y

expression nor RSV F-protein-specific antibody responses compared to vehicle-treated mice
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during secondary RSV infection (Fig 17B-E). These data demonstrate that GLP-1R agonist
treatment does not exacerbate disease or impede anti-viral responses.

Next, associations between GLP-1 signaling and human RSV disease were examined.
The phenome-wide association study (PheW AS) is a new, validated reverse genetics approach
that associates genetic variants of interest with phenotypes by linking a database of de-
identified genotyping to a broad range of electronic medical record (EMR)-derived clinical
phenotypes. The EMR phenotypes are derived from cluster of common [Infernational
Classification of Diseases, Ninth Revision, codes. The loss-of-function rs7578597 variant of
THADA, encoding thyroid adenoma-associated protein, is associated with lower beta-cell
response to GLP-1.” A PheWAS on the single nucleotide polymorphism (SNP) rs7578597
(missense, T1187A) and 1,000 phenoyptes from the Vanderbilt BioVU biobank of 29,713
individuals of European ancestry (EA)® revealed a highly significant association of rs7578597
with acute bronchitis and bronchiolitis (OR = 1.24, P = 6.3 x 107%; Fig 8, G and Table 1).

Table 1. PheWAS results for THADA rs7578597 in humans (All phenotypes with p<0.01

are reported below)

Casss  Controls | Odds ralie

: T
o1 the wrinary system

Arsinly, phobie ang e ) y
Ansiely. proble and 3209 20088 DAY 040N
sissociative disorders

This study is the first investigation of GLP-1R signaling during viral infection. In this
example, it was shown that administration of a GLP-1R agonist attenuates type 2-associated

immunopathology during RSV infection. This is also the first report of an FDA-approved
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pharmacologic agent inhibiting lung IL-33 protein expression, and this finding has significant
implications as it provides an alternative to biologic therapies such as monoclonal antibodies
or receptor antagonists that target IL-33-mediated diseases.® Together, these data provide a
novel therapeutic for RSV infection, a disease for which there currently is no treatment after

infection has occurred.

Abbreviations used in this example

ILC2 (group 2 innate lymphoid cells); RSV (respiratory syncytial virus); Th2 (T helper
2); glucagon-like peptide-1 (GLP-1); WT (wild type); MFI (mean fluorescence intensity); PFU
(plaque forming unit); PheWAS (phenome-wide association study)
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Methods

Virus and Mice. RSV strain 12/12-6 was isolated in 2012 from a hospitalized infant
with severe lower respiratory tract infection and bronchiolitis as part of the INSPIRE study.!
RSV was propagated and titrated in HEp-2 cells as previously described.? Mock inoculum was
prepared by collecting cell culture supernatant from lysed, uninfected HEp-2 cells. 8-week old
female BALB/cJ mice were purchased from Jackson Laboratories (Bar Harbor, ME).
1133Citrine/+ reporter mice were generated by crossbreeding WT BALB/c mice and
1133Citrine/Citrine mice that were the kind gift of Dr. Andrew N.J. McKenzie.> Mice were
maintained under specific pathogen free conditions and used in compliance with the revised
2011 Guide for the Care and Use of Laboratory Animals prepared by the Conunittes on Care
and Use of Laboratory Animals of the Institute of Laboratory Amimal Resources, National
Research Council* For infection, mice were anesthetized by intraperitoneal injection of
ketamine/xylazine solution and inoculated via intranasal delivery with 9 x 10° PFU of RSV
12/12-6 or an equal volume of mock inoculum as previously described.” Weight loss was
measured daily. The GLP-1R agonist liraglutide (Novo Nordisk, Plainsboro, NJ) was initiated
at the same dose that is used in patients with Type II Diabetes. This was increased in two-fold

increments daily until the final dose of 0.2 mg/kg weight was reached. The vehicle for
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liraglutide, 0.1% BSA in PBS, was used as a control. Treatment was given subcutaneously
beginning 2 days prior to infection or beginning on the same day as infection and given twice
daily until the mice were euthanized.

BAL and PAS Staining, 0.8 mL saline was instilled through a tracheostomy tube and
withdrawn via syringe to obtain BAL fluid. Total cells were counted on a hemocytometer by
using trypan blue exclusion. For cell differentials, 0.1 mL of BAL fluid was prepared via
cytospin (Thermo Fisher Scientific, Waltham, MA) and subsequently fixed and stained using
DiffQuik (American Scientific Products, Columbus, OH). Differential counts were based on
counts of 200 eosinophils, lymphocytes, or macrophages. For PAS staining, lungs were
perfused with PBS, inflated with 10% neutral buffered formalin, and fixed in 10% neutral
buffered formalin for 24 hours at room temperature. Lungs were then paraffin embedded,
sectioned (5 um), and stained with periodic acid-Schiff (PAS) to visualize mucus. Small and
medium sized airways were scored for mucus by a trained pathologist blinded to the
experimental information using the following scoring scheme: (0) no PAS positive cells
observed in cross sections of medium to small airways; (1) less than 10 PAS positive cells
observed in cross sections of medium to small airways; (2) greater than 10 PAS positive cells
observed in cross sections of medium to small airways; or (3) greater than 10 PAS positive
cells observed in cross sections of medium to small airways with mucous strands observed in
air spaces.

Airway Responsiveness. Airway responsiveness was measured as previously
described.®” Briefly, mice were anesthetized with an intraperitoneal injection of pentobarbital
sodium (85 mg/kg). A tracheostomy tube was inserted for ventilation. The internal jugular vein
was cannulated for intravenous delivery of acetyl-f-methacholine. The mice were then placed
in a whole-body plethysmography chamber and mechanically ventilated. Precision glass
microsyringes were used to deliver increasing doses of acetyl-f-methacholine. Baseline airway
resistance measurements were collected followed by measurements with 137, 411, 1233, and
3700 pg/kg body weight of acetyl-f-methacholine (Sigma-Aldrich, Saint Louis, MO). Peak
airway resistance measurements for each dose were recorded.

ELISA. Lungs were snap-frozen in liquid nitrogen at the time of harvest. Lungs were
mechanically disrupted using 1 mL of MEM media and homogenized via BeadBeater (BioSpec
Products, Bartlesville, OK). Protein measurements were performed using either Duoset (IL-
33), Quantikine (IL-13, IFN-y, and IL-27), or Verikine (IFN-o and IFN-B) enzyme-linked

immunosorbent assay (ELISA) kits according to manufacturer instructions 53 (R&D Systems,
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Minneapolis, MN). Serum RSV F-protein-specific antibody was measured as previously
described.?

Flow Cytometry. Lungs were harvested, minced, and digested in RPMI media with
5% FBS, 1 mg/mL collagenase, and 0.02 mg/mL DNase I for 40 minutes at 37°C. The digestion
was stopped with 100 ul of 0.5 M EDTA, and a single cell suspension was generated by
straining these digestions through a 70 um filter. RBC lysis (BioLegend, San Diego, CA) was
performed according to manufacturer instructions. Cells were stimulated in IMDM media with
10% FBS, 0.01 mM non-essential amino acids, penicillin/streptomycin, 1 mM sodium
pyruvate, 10 ng/mL PMA, 1 uM ionomycin, and 0.07% monensin for 4 hours at 37°C. Cells
were stained with Live/Dead Blue (Life Technologies, Carlsbad, CA) and combinations of the
following surface markers: CD45 (30-F11), CD25 (PC61.5), FceR1 (MAR-1), DX5 (DXS5),
FceR1 (MAR-1), and NKG2D (CX5) from eBioscience (San Diego, CA); CD127 (SB/199),
CD3 (17A2), CD146 (ME- 9F1), and EpCAM (G8.8) from BioLegend (San Diego, CA); CD4
(H129.19) from BD Biosciences (San Jose, CA); and/ or a surface marker cocktail containing
CD5, CD45R (B220), CD11b, Gr-1 (Ly-6G/C), 7-4, and Ter-119 from Miltenyi (Bergisch
Gladbach, Germany). Cells were fixed/ permeabilized for 12 hours in Cytofix/ Cytoperm (BD
Biosciences) and stained with combinations of the following intracellular markers: 1L-13
(eBio13A) and IFN-y (XMG1.2) from eBioscience. Anti-FcR antibody (BD Biosciences) was
used to prevent nonspecific staining. All samples were run on a BD LSR I Flow Cytometer
and analyzed using FlowJo (Version 10; Treestar, Ashland, OR). ILC were defined as Lineage-
CD45+ CD25+ CDI127+ cells where Lineage (Lin) includes (CD3, CD5, CD45R [B220],
CDI11b, Gr-1 [Ly-6G/C], 7-4, and Ter-119). ILC2 were defined as ILC that expressed IL-13.
Th cells were defined as CD3+ CD4+ cells, basophils were defined as DX5+ FceR1+ cells, NK
cells were defined as CD3- DXS5+ cells, and epithelial cells were defined as CD45- CD146+
EpCAM+ cells. MFI was determined as the geometric mean.

Viral Load. Lungs were snap-frozen in liquid nitrogen at the time of harvest. Thawed
lungs were resuspended in 1 mL of sterile MEM media or TRIzol reagent (Invitrogen,
Carlsbad, CA) and homogenized via BeadBeater (BioSpec Products). Total RN A was isolated
using TRIzol reagent and cDNA was generated for qPCR analysis of RSV-M and GAPDH.
Commercially available primers and probes for GAPDH were used (Applied Biosystems,
Foster City, CA, catalog number 4331182). Custom primers were designed to measure RSV-
M.3 Gene expression was normalized to GAPDH before the fold change was calculated. The

fold change in gene expression was calculated via the comparison of gene expression to that of
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lungs from RSV infected, vehicle-treated mice. Primer sequences were as follows: RSV-M:
forward, 5’ -

GGCAAATATGGAAACATACGTGAA-3" (SEQ ID NO:1), reverse, 5 -
TCTTTTTCTAGGACATTGTAYTGAACAG-3" (SEQ ID NO:2) (wherein Y is C or T).

Antibody ELISA. Ectodomain F protein from RSV A2 was fused to a GCN4
trimerization domain and a His tag and expressed in mammalian cells, as previously described.’
Immulon 2B (Thermo Scientific, Rochester, NY) plates were coated with 150 ng of RSV F
protein in PBS overnight at 4°C. Plates were blocked with 1% BSA in PBS for 1 hour at room
temperature. Supernatants were serially diluted 1:2 starting at 1:80 over 6 total dilutions, and
plates were incubated for 1 hour at room temperature. RSV-specific antibody was detected
using horseradish peroxidase-conjugated goat anti-mouse antibody specific for mouse IgG
(1:5,000), IgG1 (1:500), or IgG2a (1:500) for 1 hour at room temperature (Southern Biotech,
Birmingham, AL). Plates were developed in Ultra-TMB (Pierce, Rockford, IL) and the reaction
was stopped with 1M HCI. Absorbance values (450 nm) were measured and assessed using
Gen 5 software (BioTk, Vinooski, VT). The serum endpoint dilution at 0.2 absorbance units
above background (PBS blank) was calculated for each antibody type.

Statistical Analysis. Groups were compared using unpaired t-test, one-way analysis of
variance (ANOVA) with Bonferroni post-test, or two-way ANOVA with Dunn’s multiple
comparison test, as appropriate with GraphPad Prism (Version 5; GraphPad Software, San
Diego, CA). Measurements below the limit of detection were assigned half of the value of the
limit of detection for statistical comparisons.

PheWAS Study. To investigate possible human associations with THADA variation, a
population of 29,713 individuals of European ancestry were used who had genotyping on
IMumina HumanExome BeadChip version 1.1 and available electronic medical record (EMR)
data from the Vanderbilt BioVU DNA biobank.!° This platform contained the THADA single
nucleotide polymorphism (SNP) rs7578597, which corresponds to a threonine to alanine in
multiple splice variants. The minor T allele of rs7578597 was present in 11% of individuals.
All phenotypes defined were evaluated using a PheWAS of this SNP using previously
described methods.!! Briefly, the method defines cases for 1,000 phenotypes by the presence
of specific International Classification of Diseases, Ninth Revision (ICD9), codes on at least
two different days. Controls for each phenotype are defined as individuals who lack case ICD9
codes and other codes that are related. For example, cases of the “acute bronchitis and
bronchiolitis™ phenotype are defined with the ICD9 code 483, while its controls are defined as
absence of the 483 ICD9 codes. Version 1.2 of the PheWAS code terminology system was
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used and the R PheWAS package to calculate the PheWAS and graph results,'? both of which

can be downloaded from http://phewascatalog.org. Logistic regression was used for each

phenotype with 40 cases or more, adjusted for age and sex, assuming an additive genetic model.
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Unless defined otherwise, all technical and scientific terms used herein have the same
meanings as commonly understood by one of skill in the art to which the disclosed invention
belongs. Publications cited herein and the materials for which they are cited are specifically
incorporated by reference.

Those skilled in the art will appreciate that numerous changes and modifications can be
made to the preferred embodiments of the invention and that such changes and modifications
can be made without departing from the spirit of the invention. It is, therefore, intended that
the appended claims cover all such equivalent variations as fall within the true spirit and scope

of the invention.
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CLAIMS
We claim:
1. A method of treating or preventing an allergic disease in a subject whe has. or is at nisk of

&

S

wooe

9.

10.

developing an allergic disease, comprising admuinistering to the subject a therapeutically
effective amount of a glucagon-like peptide-1 receptor (GLP-1R} agomist.

The method of claim 1, wherein the allergic disease is selected from the group consisting
of  allergic lung disease, asthma, food allergy. allerger-induced  airway
hyperresponsiveness, allergen-mduced mBammation, rhiniie, allergie rhuimtis, eosinophalic
ssophagitis, chronic  wticaria,  atopic  dermatins, occupational  allergy,  allergic
conjunctivitis, hav fever, airbome allergic sepsitivities, stinging msect allergy,
hypersensitivily puewnonitis, eosinophulic lung diseases, inflammatory bowel disease,
ulcerative colifis, and Crohn's disease.

The mothod of claim 2, wherein the sliergic disease 15 allergic lung disease.

The method of claim 2, wherein the sllergic disease i3 asthma.

The method of any one of claims 1 io 4, wherein the GLP-TR agowest is selected from the
group consisting of a polvpeptide, av antibody, a nucleic acid, an aptamer, or a sroall
molecule.

The method anv one of claims 1 to &, wherein the GLP-1R agomst 13 selected from the
group consisting  of lraglutide, exenapide, hwisenatide, albiglonde, dulagiutide,
semagiutide, and taspoglutide

The method of claim 6, wherein the GLP-1R agonist i3 liraglutide,

The method of any one of clains 1 10 7, wherein the subject 1s a human.

A method for treating or preventing an interfeukin-33 (1L-33) mediated disease or disordes
m a subject, the method comprising: adrmunistering to the subject a therapeutically effective
amouni of a glucagon-like peptide-1 receptor (GGEP-1R} agonist.

The method of claim 9, wheran the intedeulin-33 (11-33) mediated disease or disorde
selected from any mflamoatory disease or disorder such as, bul not boued o, asthma,
allergy, allergic rhinttis, allergic airway inflammation, atopic dermatitis {AD), chronic
obstructive pulmonary disease (COPDY, respuatory svocyviial vivue {(RSY) nfection,
milammatory bowel disease (IBD). wultiple sclerosis, arthrifis, psoriasis, cosinophilic
esophagitis, ensinophulic preumaonua, ensinophibic psoriasis, hypereosinophilic syndroms,

eraft-versus-host disease, uyeitis, cardiovascular disease, pain, mudtiple sclerosis, fupus,
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11.

12.

13.
14.

16.

17.

18.

19.
20.

vasculitis, chronic idiopathic urticaria and Fosmophilic Gramdomatosis with Polvangiitis
{Churg-Strauss Svndraroe).

The method of claim 2 or 10, wherein the GLP-1R agonist 15 selected from the group
consisting of a polvpeptide, an antibody, 8 nucleic actd, an aptamer, or a small molecule.
The method of any one of claims 9 1o 1, wherein the GLP-1R agonist is selected from the
group oonsisting  of Hraglunde, exenatide, hisepande, albiglonde, dulagiutide,
semaghnide, and taspoglutide.

The method of clarm 12, wherein the GLP-1R agonist 13 biraglutide.

The method of any one of claimns 9 to 13, wherawn the subject 15 a hurnan,

- A moethod of reating or prevenung a respitalory synovhal virus {(RSVY nfection n a

subhject, comprising admunistermg 10 the subject a therapeutically effective amount of a
glucagon-like peptide-1 receptor (GL.P-1R} agonist.

The moethod of clarm 13, wherein the GLP-1R agonist 1s selecied from the group consisting
of a polypeptide, an anttbody, a nucleic acid, an aptamer. or a small molecule

The method of claim 15 or 1o, wherein the GLP-1R agonist is selected from the group
consisting of Hraglutide, exenatide, bxisenatide, algiotide, dulaghuiide, semaglutide, and
taspogiutide,

The method of clam 17, whergin the GLP-1R ggomist is hraghide,

The method of any one of clavms 15 10 18, whevein the subject 18 a human,

The method of any one of clairos 13 10 19, wherein the subject 13 at nisk for a respivaiory

synevital virus (R8V) infection.
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carried out on the basis of a sequence listing:

a. forming part of the international application as filed:
m in the form of an Annex C/ST.25 text file.
[:l on paper or in the form of an image file.

b. D furnished together with the international application under PCT Rule 13¢er.1(a) for the purposes of international search
only in the form of an Annex C/ST.25 text file.

c. D furnished subsequent to the international filing date for the purposes of international search only:
[:l in the form of an Annex C/ST.25 text file (Rule 13¢ter.1(a)).
D on paper or in the form of an image file (Rule 13ter.1(b) and Administrative Instructions, Section 713).
2. l:l In addition, in the case that more than one version or copy of a sequence listing has been filed or furnished, the required

statements that the information in the subsequent or additional copies is identical to that forming part of the application as
filed or does not go beyond the application as filed, as appropriate, were furnished.

3. Additional comments:
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. K‘ Claims Nos.: 6-8, 12-14, 19-20
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. 1II  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
rlaims

0

As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4, l:] No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest [] The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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According to International Patent Classification (IPC) or to both national classification and IPC

PCT/US18/18136
A.  CLASSIFICATION OF SUBJECT MATTER
épp% - A61K 38/26, 38/17, 45/06; A61P 11/06, 37/08 (2018.01)

B.  FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

See Search History document

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X (VIBY, NE et al.) Glucagon-Like Peptide-1 (GLP-1) Reduces Mortality and Improves Lung 1-4, 5/1-4, 9-10, 11/9-10
- Function in a Model of Experimental Obstructive Lung Disease in Female Mice. Endocrinology.

Y December 2013, Epub 3 October 2013, Vol. 154, No. 12; pages 4503-4511; abstract; page 16, 17/15-16, 18/17/15-16
4504, 1st column, 3rd paragraph, 2nd column, 2nd and 4th paragraphs; DOI:
10.1210/en.2013-1666

X (TOKI, S et al.) Glucagon-like Peptide 1 Receptor (GLP-1R) Signaling Inhibits 1-3, 9-10
Aeroallergen-Induced IL-33 Release and Reduces Group 2 Innate Lymphoid Cell (ILC2)
Activation In Vivo. The Journal of Allergy and Clinical Immunology; 1 February 2017, Vol. 139,
No. 2; page AB81; DOL: https://doi.org/10.1016/j.jaci.2016.12.217 '

X (PEEBLES, S et al.) Glucagon-like peptide-1 receptor signaling attenuates RSV-induced type 2 |15

- responses and immunopathology. The Journal of Allergy and Clinical Immunology; 1 February

Y 2017, Vol. 139, No. 2; page AB270; DOI: 10.1016/j.jaci.2016.12.870 16, 17/15-16, 18/17/15-16

A (KIM, HK et al.) Innate Type 2 Response to Alternaria Extract Enhances Ryegrass-Induced 1-4, 5/1-4, 9-10, 11/9-10,
Lung Inflammation. International Archives of Allergy and Immunology. 2014, Epub 30 November| 15, 16, 17/15-16,
2013, Vol. 163, No. 2; pages 92-105; page 93, 1st column, 2nd paragraph; POI: 18/17/15-16
10.1159/000356341

A (NIALS, AT et al.) Mouse mode!s of allergic asthma: acute and chronic allergen challenge. 1-4, b/1-4, Y-10, 11/Y9-10,
Disease Models and Mechanisms. November-December 2008, Vol. 1, Nos. 4-5; pages 213-220;| 15, 16, 17/15-16,
abstract; page 213, 2nd column, 4th paragraph; DOI: 10.1242/dmm.000323 18/17/15-16

D Further documents are listed in the continuation of Box C. D See patent family annex.

* Special categories of cited documents:

“A”  document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” dacnument which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&"  document member of the same patent family

Date of the actual completion of the international search

11 April 2018 (11.04.2018)

Date of mailing of the international search report

Name and mailing address of the ISA/

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

26 APR 2018

Authorized officer
Shane Thomas

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774
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